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Abstract 

E>cparlffl«ntal  invasti gallons  wara  conductad  in  tha 
AFIT  Sffloka  Tunnal  to  study  tha  affacts  of  pitch  loca¬ 
tion  on  dynamic  stall.  A  NACA  0015  airfoil  was  rotatad 
about  four  diffarant  locations  at  a  constant  angular 
rata  and  digital  position  and  prassurs  information  warm 
racordad.  This  information  Mas  than  convartad  into 
airfoil  praasura  distributions  and  intagratad  numar- 
ically  to  obtain  airfoil  forca  coaf f iciants.  Rasults 
of  this  invastigation  shOMad  a  diract  ralationship 
batwaan  tha  dynamic  stall  angla  of  attack  and  tha  non- 
dimansionalizad  angular  rotation  rata,  dafinad  as 

ona  half  tha  airfoil  chord  langth  timas  tha  angular 
rata  dividad  by  tha  fraastraam  valocity.  Basad  on  tha 
thraa  rotation  points  forward  of  tha  mid-chord,  it  was 
also  shown  that  dynamic  stall  is  dslayad  as  tha  pitch 
location  is  movad  aft  from  tha  laadlng  adga.  Expar- 
imantal  data  was  obtainad  for  pitch  locations  of  .08c, 
.25c,  .50c  and  .61c  and  nondimansional  angular  rat as 
batwaan  .011  and  .065. 


PITCH'LOCATION  EFFECTS  ON  DYNAMIC  STALL 


I .  Introduction 


Background 

Dynamic  atall  ia  a  physical  phsnomsnon  that  occurs 
Mhsn  an  airfoil  undsrgoss  a  continuous,  dynamic  rotation 
through  its  static-stall  angls  of  attack.  During  ths 
dynamic  stall  svsnt,  ths  lift  curvs  continuss  to 
incroass  bayond  ths  static-stall  point  for  a  largs  rangs 
of  rotation  rats  and  frsastrsam  vslocity  combinations. 
Although  it  is  only  a  transisnt  svsnt,  ths  momsntary 
incrsass  in  msMimum  unstall sd  angls  of  attack  yislds  a 
corrssponding  Incroass  in  ths  lift  gsnsratsd  by  ths 
airfoil.  This  groatsr  lift  is  of  sufficisnt  magnitudo 
to  rondor  ths  dynamic  atall  offset  of  soms  possibls 
practical  uso,  and  thoraforo  worthy  of  furthor 
in vast! gat ion. 

Ths  first  formal  invostigation  of  dynamic  stall  was 
conductad  by  Max  Kramsr  in  1932  aftar  pilots  roportsd 
unaxplainod  high  lift  valuos  occurring  whilo  flying  in 
turbulsnt  air  C14ill.  Kramsr 's  sxparlmant  consistsd  of 
a  wing  mountsd  on  a  balanco  in  a  wind  tunnol  tost 
soctlon  and  a  ssrlos  of  movabls  guids  vanss,  locatsd 
upstroam  of  ths  wing.  By  rotating  ths  guids  vanss,  ha 
craatod  a  varying  frsostraam  in  ths  tost  saction  which 


rasultBd  in  anglaa  of  attack  ranging  from  0  to  30 
dagraaa  Ci4i2-3].  Kramar  conductad  anparifflanta  on  thraa 
airfoil  ahapaai  tha  firat  tmto  wara  Qottingan  4S9  air¬ 
foil  croBB-aactiona  (aymmatric  airfoila,  with  diffarant 
chord  langtha) ,  and  tha  third  imib  a  Qottingan  398  air¬ 
foil  croBB-aaction  (a  cambarad  airfoil). 

Tha  raaulta  of  Kramar 'a  aNparimant  ahoiMid  a  diract 
ralationahip  batwaan  tha  maKifflum  lift  coafficiant  and 
tha  angular  rotation  rata,  d,  and  an  invaraa  ralation- 
Bhip  to  tha  taat  aaction  valocity,  V  .  By  uaing  a  non- 
dimanaional  angular  rata  paramatar  ca/V  ,  mhara  c  ia  tha 
airfoil  chord  langth,  Kramar  collapaad  all  hi a  data  onto 
a  aingla  curva  givan  byi 

Cl.nAX  DVN  ■*  CuMAX  AX  +  0.36  Ctf/V  (1) 

In  tha  tima  ainca  Kramar 'a  axparimant,  a  graat  daal 
of  raaaarch,  both  analytical  and  axparimantal ,  haa  baan 
davotad  to  tha  araa  of  dynamic  atall.  Howavary  unlika 
Kramar 'a  axparimantf  tha  majority  of  raaaarch  haa 
involvad  an  airfoil  undargoing  a  dynamic  angla-of -attack 
changa  in  a  conatant-diraction  fraaatraam,  with  tha 
majority  of  thia  work  involving  a  ainuaoidally 
OBci Hating  airfoil  C163C1B].  Tha  raaaon  dynamic  atall 
raaaarch  haa  takan  thia  diraction  la  fairly  obvioua. 


Th»  b«n«‘fita  o-f  dynamic  atall  raamarch  havm  bmmn  moat 
applicabla  to  araaa  auch  aai  hall copter  bladaa,  turbo- 
machinary,  and  aircraft  Ming-f luttar .  In  caaaa  auch  aa 
thoae  the  angle-of -attack  variatione  are  likely  to  be 
ainuaoidal,  or  at  laaat  approaimately  ao. 

The  advent  of  digital  flight  control  eyatema 
proffiiaea  now  applicationa  for  the  caaa  of  airfoile 
undergoing  angle  of  attack  variatione  deacribed  by  a 
ramp  function.  A  diatinct  advantage  of  the  ramp  angle- 
of-attack  variation  ia  the  comparative  eaae  and  phyaical 
clarity  with  which  a  mathematical  modal  may  be  developed 
The  mathematical  model  for  the  ainuaoidal  caee  liea  in 
the  realm  of  full  Navier-Stokea  aolutione,  and  amounta 
to  a  very  complex  numerical  experiment.  While  auch  an 
approach  euccoada  fairly  wall  in  modelling  the  reeulta 
of  a  correaponding  experiment*  the  aheor  mathematical 
complexity  overwhalma  any  attempt  to  generalize  the 
mol ut ion  and  truly  under atand  the  phyaica  of  the 
phenomenon . 

In  1979*  Oeekana  and  Kuebler  C63  undertook  an 
inveatigation  of  dynamic  atall  which  evaluated  the 
effacta  of  conatant  airfoil  angular  rate.  Smoke-trace 
flow  viaualization,  in  conjunction  with  aimultanaoua 
high  apeed  filming*  waa  uaed  to  characterize  the  dynamic 
atall  phenomenon  on  an  NACA  0015  airfoil,  rotating  about 
ita  midchord  in  a  conatant-velocity  freeatream.  They 


concludad  that  tha  incraaaa  in  unatallad  angla  O'f  attack 
for  tha  dynamic  caaa  Naa  diractly  ralatad  to  airfoil 
anglular  rata,  and  invaraaly  ralatad  to  tha  fraaatraam 
valocity.  Baaad  on  thair  findinga,  Daakana  and  Kuablar 
wara  abla  to  accurataly  pradict  tha  dynamic  stall  angla 
of  attack  for  thair  axparimant,  which  covarad  Raynolds 
numbars  batwaan  14,500  and  32,500. 

Introducing  tha  sama  nondimansional  angular  rata 
paramatar  usad  by  both  Kramar  and  Dockan,  at.  al., 
Oaakans  and  Kuablar  wara  abla  to  collapsa  thair  data 
onto  a  singla  curva  givan  byi 


ovM  *  aaiTMuiu  m-r  ^  143.2  (2) 

whara  stall  is  dafinad  as  saparation  at  tha  quartar- 
chord.  A  plot  of  thasa  rasults,  showing  dynamic  stall 
angla  of  attack  as  a  function  of  nondimansional  rotation 
rata  paramatar  is  shown  in  Fig.  1,  on  tha  following 
paga. 

By  assuming  tha  static  and  dynamic  lift  curvas  hava 
tha  sama  slopa  and  corracting  that  slopa  for  tha  aspact 
ratio  of  Kramar 's  wing,  Eq.  2  can  ba  transformad  into 
Eq.  3t 


Cl_MAX 


DVN 


■  Ci_r>iAX 


■••4.8  a/V 


(3) 


Kuablar's  Rasul ts 


Comparing  Eq.  1  with  Eq.  3,  it  im  immmdiatmly 
obvious  that  tha  dynamic  lift  curva  slopm  impliad  by 
Oaakans  and  Kuablar  is  significantly  grsatsr  than  that 
givan  by  tha  work  of  aithar  Kramar  or  Dockan,  at.  al . 
C73.  An  aMparimantal  or  computational  arror  of  ouch 
magnituda  to  oNplaln  this  apparant  dlscrapancy  can  ba 
rulad  out  sinca  tha  rasults  of  Daokans  and  Kuablar  ara 
substantiatad  by  tha  work  of  Francis,  at.  al .  C93,  and 
by  Schaubal  C22il-41.  In  addition,  Kramar 's  work  also 
saams  to  hava  baan  varifiad  in  an  axparimant  mantionad 
by  Schaubal  C22il]. 

At  this  point  it  bacomao  nacassary  to  amphasiza  an 
important  distinction  batwaan  tha  work  of  Kramar  and 
Oaakans  and  Kuablar.  In  Kramar 's  axparimant,  as  pra- 
viously  mantionad,  tha  airfoil  was  fixad  in  intartial 
spaca  and  ancountarad  a  gust  condition.  Tharafora,  a 
mathamatical  modal  of  tha  flow  ovar  tha  airfoil  could 
Justly  assuma  a  Nawtonian,  or  nonaccalarating,  control 
voluma.  Howavar  for  tha  casa  of  an  airfoil  rotating  in 
a  constant-valocity  fraastraam,  tha  airfoil  is  moving 
with  raspact  to  inartial  spaca.  In  this  situation, 
mathamatical  analysis  of  tha  flow  ovar  tha  airfoil 
cannot  ba  accompli shad  using  a  Nawtonian  control  voluma. 
Tha  praviously  mantionad  ordar-of -magnituda  disagraamant 
batwaan  Kramar 's  rasults  and  thosa  of  Oaakans  and 
Kuablar  could  conciavably  ba  dua  to  tha  affact  of  tha 


•ccalaratlng  control  volum*. 

Tha  raaulta  O'f  Daakana  and  Kuablar  aara  again 
aMparimantally  confirmad  by  Dalay  CSl.  Lika  Daakana  and 
Kuablar,  Dalay  rotatad  a  NACA  OOlS  airfoil  aaction  about 
ita  fflidchord  at  a  constant  angular  rata  in  a  constant- 
valocity  fraastraam.  Ha  also  usad  smoka-traca  flow 
visualization  in  combination  with  high-spsad  motion 
picturas  as  a  madium  for  racording  and  analyzing  his 
rasults.  Howavar,  Dalay  addad  a  naw  di mans! on  to  tha 
aMparimant  by  ambadding  four  piazo-  rasistiva  prassura 
transducars  in  tha  airfoil  quartar-chord  ragion.  This 
modification  anablad  him  to  simultanaously  gathar  two 
typas  of  data  during  tha  dynamic  stall  phanomanon. 

Using  both  movias  and  alactronically-gatharad  prassura 
information,  Dalay  possassad  an  aMtramaly  accurata  and 
sansltiva  Indicator  of  flow  saparatlon  at  tha  quartar- 
chord.  Adopting  quartar-chord  flow  saparatlon  as  his 
critarion  for  stall,  Daisy  procaadad  to  varify  a  major 
portion  of  Daokons  and  Kuablar 's  work.  Ha  also  axtandad 
tha  rangs  of  rasults  into  a  ragion  of  lowar  nondi man- 
si  onal  angular  rata,  as  shown  in  Fig.  2,  and,  at  tha 
sama  tlma,  SKpandsd  tha  Rsynolds  numbar  ranga  of  tha 
SKparimant. 

A  graat  dsal  of  analytical  work  in  tha  fiald  of 
dynamic  stall  was  conductad  during  1983  by  Lawranca 
CIS],  Tuppsr  C2S],  and  Allaira  Cll.  Tha  work  of 


Lawranca  m«s  a  diract  continuation  o^  Dockan's  C72 
raaaarch.  Lawranca  took  Dockan's  modal  and  anpandad  it 
using  a  modi fi ad  von  Karman-Polhausan  tachniqua  to 
obtain  data  for  an  air-foil  rotating  in  inartial  spaca. 
His  raaaarch  lad  to  tha  conclusion  that  dynamic  stall 
was  a  strong  -function  o-f  a  non-di mansi onal  pitch  rata 
ett^D"Hca/\f  .  A  major  -factor  in  Lawranca 's  modal  was  tha 
introduction  o-f  a  mass  ingastion  -function.  This 
function  may  ba  thought  of  as  an  anargization  of  tha 
airfoil  boundary  layar  by  mass  "ingastad"  through  tha 
uppar  surfaca  of  tha  control  voluma  during  tha  rotation. 
Rafaranca  13  contains  a  mora  complata  dascription  of 
this  tachniqua,  including  tha  appropriata  mathamatical 
davalopmant.  Lawranca 's  work  was  takan  ona  stap  furthar 
whan  All air a  usad  tha  sama  momantum  intagral  mathod  to 
Invastigata  tha  affacts  of  airfoil  thicknass,  cambar  and 
pitch  location  on  dynamic  stall.  At  tha  sama  tima  that 
Lawranca  was  invasti gating  tha  ability  to  accurataly 
undar stand  tha  phanomanon  of  dynamic  stall  using  tha 
intagral  mathod,  it  was  obvious  that  somathing  was  still 
missing.  This  lad  Tuppar  to  invastigata  tha  affacts  of 
trailing  vorticas  on  tha  production  of  lift  for  a 
rotating  airfoil. 

Tuppar  usad  a  circular  cylindar  modal  which  was 
subsaquantly  transformad  into  an  airfoil  shapa  to 
analyza  tha  saquanca  of  avants  following  tha  suddan 


■tart  a-f  air-foil  rotation.  Thm  rasults  o-f  hia  study 
producsd  two  thaoratical  phanomana  associatad  with 
dynamic  stall.  Tha  first  finding  was  that  an  airfoil 
undargoing  a  constant  angular  rata  of  changa  will  ax- 
parianca  a  dacraasa  in  tha  lift  curva  slopa.  That  is, 
tha  dynamic  Ci_  vs  a  curva  will  hava  a  slopa  daprassion 
whan  comparad  to  tha  static  lift  curva.  Tha  sacond 
finding  was  that  tha  airfoil  axpariancas  a  suddan 
incraasa  or  "Jump"  condition  in  tha  Ct_  whan  rotation 
bagins.  An  intarasting  pradiction  of  this  "Jump" 
condition  for  a  flat  plata  isi 

aCt_  •  3.14  oImo  (4) 

Whara  aCt.  raprasants  tha  suddan  changa  in  Ct_  whan  tha 
airfoil  bagins  its  rotation.  This  boars  a  striking 
rosomblanco  to  tha  inducad  cambor  affoct  dovolopod  by 
Allairo  Cli37-421  in  which  tha  affoct  of  rotating  tha 
airfoil  is  aquatod  to  inducing  a  cambor  thus  incroasing 
tha  lift  by  an  amount  aqual  toi 

aCi_  *  s  dfxD  (5) 

Whara  aCi_  raprasants  a  corraction  to  tha  thoroatical 
lift  computation  basad  on  tha  inducad  cambar  dua  to 
rotation.  Ono  of  tha  major  problams  associatatod  with 


th«s«  thaaratical  pradictiona  mab  tha  lack  o-f  high 
quality  aNparimantal  data  covaring  tha  antira  procaaa  of 
dynamic  stall. 

It  waa  thia  lack  of  aNparimantal  data  that  promptad 
Schrack  C2.S1  to  bagin  an  ambitioua  follow-on  to  tha 
aNparimantal  work  of  Dal ay.  Schrack  took  tha  aama  NACA 
0015  airfoil  uaad  in  Dal ay 'a  aNparimant  and  inatrumantad 
it  with  siNtaan  miniatura  prasaura  tranaducara.  Than, 
with  the  aid  of  a  high  spaad  data  acquisition  ayatam,  ha 
was  able  to  record  time,  position  and  airfoil  prasaura 
distribution  maasuramanta  throughout  tha  dynamic  stall 
procaaa.  Tha  result a  of  hi a  reduced  data  show  a  def¬ 
inite  correlation  batwaan  tha  increase  in  da-rAi-i-  dvn  and 
tha  non-dimensional  pitch  rata,  sno  aa  shown  in  Fig  3. 
Subsequent  evaluation  of  Schrack 'a  data  C12]  has  shown  a 
reduction  in  tha  lift  curve  slope,  but  tha  data  scatter 
has  prevented  a  conclusive  evaluation  of  the  on pact ad 
results. 

One  more  aNparimantal  investigation  recently  con¬ 
ducted  by  Hal in  and  Walker  C103  bears  mention  at  this 
point.  Halin  and  Walker  investigated  tha  affect  various 
pitch  locations  had  on  tha  dynamic  stall  vortices  and 
associated  unsteady  aerodynamics.  This  parallel ad  soma 
of  Allaire's  theoretical  work  in  which  tha  airfoil 
rotation  point  was  varied  from  tha  leading  edge  to  tha 
trailing  edge.  Although  tha  ganaral  trend  of  incraaead 
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iMding  adga  valocitiaa  «•  tha  pitch  location  movaa  to¬ 
ward  tha  trailing  adga  pradictad  by  Allaira  ara  praaant, 
tha  data  ia  incomplata  and  inconcluaiva  to  malca  a-ffac- 
tiva  Judgamanta  o-f  Allaira'a  mathoda. 


Db jacti vaa 


Tha  paat  raaaarch  in  tha  araa  of  dynamic  atall  for 
conatant  angular  rotation  rataa  ia  quita  antanaiva,  al¬ 
though  moat  of  tha  aMparimanta  hava  daalt  with  ain- 
uaoldal  motiona  and  fixad  rotation  polnta.  Thaaa  anpar- 
i manta  craata  a  broad  baaa  on  which  to  conduct  further 


invaatigationa  of  tha  cauaa  and  affact  of  dynamic  atall. 
In  light  of  the  paat  raaaarch «  both  aNparimantal  and 
thaoratical,  tha  objactivaa  of  thia  raaaarch  axparimant 
war a  aa  followai 

1.  Uaa  an  axiating  NACA  0015  airfoil  inatrumantad 
with  miniature  praaaura  tranaducara,  and  an 
automated  data  acqulaition  ayatam  to  conduct  an 
aNparimantal  invaatigation  of  tha  dynamic  atall 
phenomenon.  Thia  invaatigation  included  a  wide 
range  of  teat  conditiona  aa  wall  aa  varying  tha 
pitch  location  between  tha  leading  adga  and  tha 
thraa-quartar  chord  point  and  attempting  to 
increaea  tha  non-dlmanalonal  pitch  rata  ^o. 
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2.  Davalop  a  data  raduction  routina  to  dmtmrminm 
tha  airfoil  forca  coafficianta  and  produca  high 
quality  data  output  for  all  caaaa. 

3.  Uaing  tha  raducad  data  from  tha  aMparimantal 
runa,  datarmina  tha  affact  of  pitch  location 
and  non-difflanaional  angular  rata  on  tha  lift 
curva. 


14 


Th«  following  thoory  and  approach  aaction  is  com- 


poBod  of  six  Bubsactions.  Each  of  thasa  Bubsactions 
prasantB  a  briaf  discusBion  of  tha  way  in  which  pravious 
dynamic  stall  thaory  or  rasaarch  influancad  tha  axpar- 
imantal  approach  in  this  invastigation.  Tha  first  sub- 
saction  providas  a  mora  datailad  dascription  of  dynamic 
stall  and  tha  procaasas  involvad  in  tha  onsat  of  stall. 
Tha  sacond  discuBsas  tha  calculation  of  prassura 
coafficiants  for  tha  airfoil.  Tha  third  subsactlon 
covars  discratization  of  tha  prassura  distribution 
dafinad  by  thasa  prassura  coafficiants,  whila  tha  fourth 
dascribas  tha  intagration  of  this  discratizad  prassura 
distribution.  Tha  fifth  subsactlon  considars  tha  comp¬ 
utation  of  forca  coafficiants  using  tha  rasults  of  tha 
intagration,  and  tha  sixth  prasants  a  briaf  narrativa 
concarning  tha  problam  of  data  acquisition. 

Dynamic  Stall  in  Contrast  to  Static  Stall 

Stall,  whathar  static  or  dynamic,  occurs  whan  tha 
surrounding  flow  saparatss  from  tha  airfoil  to  such  a 
dagraa  that  any  furthar  incraasa  in  angla  of  attack 
fails  to  ylald  an  incraasa  in  lift.  Obviously,  tha 
boundary  layar  intaractions  for  static  and  dynamic  stall 
must  dlffar  significantly  to  producs  tha  dramatic  dis- 


sifflilaritias  batwMn  th«  two  •v«nt«. 

In  tha  ‘familiar  caam  of  static  stall ,  a  boundary 
laysr  undar  tha  influanca  of  an  advarsa  prassura  gra- 
diant  avantually  saparatas  from  tha  airfoil  surfaca  at 
tha  point  whara  tha  shaar  strass  at  tha  wall  vanishas. 
Tha  point  whara  flow  saparatas  is  coincidant  with  tha 
point  of  flow  ravarsal  for  static  stall.  Thus,  tha  waka 
formad  by  this  viscous  intsractlon  is  larga  and  appro- 
ciably  distorts  tha  potontlal  flow  fiald  around  tha 
airfoil.  For  tha  static  caso,  tha  stall  anglo  of  attack 
ramains  ralativaly  constant,  baing,  at  most,  a  woak 
function  of  Raynolds  numbar  £1112483. 

In  dynamic  stall,  tha  boundary  layar  undar  tha 


influanca  of  an  advarsa  prassura  gradiant  also  ovan- 
tually  saparatas  from  tha  airfoil.  Howovor,  tha 
similarity  onds  hors  sines  tha  point  of  ravorsad  flow  no 
longar  coincidos  with  tha  point  of  soparation,  but  is 
dolayod  soma  distanco  downstraam.  Tha  point  of  sap- 
aratlon  for  dynamic  stall  is  dotarminad  by  tha 
Moor a-Rott -Soars  (MRS)  critarion  C27i 113-1443.  This 
difforanca  substantially  roducas  tha  waka  sizo  and 
corrosponding  potontlal  flow  fiald  distortion  whan 
comparod  to  tha  static  casa  C19i294-29S3.  In  addition 
to  tha  MRS  soparation  critarion,  othar  offsets  appaar  to 
bo  at  work  C153.  It  is  claar  that  tha  dynamic  stall 
procass  is  a  comploK  function  of  froostrsam  valoclty, 
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TABLE  I 


Stal  1  P«r«fli»tT 
Airfoil  Shapa 
Mach  Nufflbar 

Raynolda  Number 

Raduesd  Fraquancy 

Maan  Angle,  Amplitude 

Type  of  Motion 

Thr aa-Oi manai onal 
Effects 

Tunnel  Effects 


Effect 

Large  in  soma  cases 

Small  below  M  a:  0.2 
Large  above  M  s  0.2 

Small  (?)  at  low  Mach  Number 
Unknown  at  high  Mach  Number 

Large 

Large 

Virtually  Unknown 
Virtually  Unknown 

Virtually  Unknown 


***  The  reduced  frequency  parameter  is  similar  to 
the  nondimensional  pitch  rate  “  dt>jD 
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air-foil  rotations  at  tha  sama  angular  rata  and  -fraa- 
straam  valocity  wara  obtainad  in  ordar  to  ganarata  an 
ansambla-avaragad  data  sat. 

With  tha  ultimata  goal  o-f  datarmining  airloads 
during  tha  dynamic  stall  svant,  a  mathod  of  calculating 
tha  prassura  coa-fficiant  at  any  chord  location  on  tha 
air-foil  Mas  naadad.  This  mathod  should  usa  physical 
paramatars  which  can  ba  raadily  sansad  or  maasurad  as 
inputs.  Tha  standard  aquation  -for  tha  prassura 
coa-f-f iciant  is  givan  byt 

■  <Pl.oc  “  )  /  q 

whara  Pi_ac  is  tha  local  static  prassura  at  soma  point  on 
tha  airfoil,  P^  is  tha  fraastraam  static  prassura,  and  q 
is  tha  fraastraam  dynamic  prassura  (4pV').  Tha  local 
prassura  anywhara  on  tha  airfoil  can  ba  aMprassad  asi 

Pi_ac  aPti»#m<*  *  P*»  (7) 

whara  Pl-oc  ratains  tha  sama  dafinition  as  in  Eq.  6,  Pa 
is  soma  rafaranca  prassura,  and  aPtram  is  tha  dif- 
farantial  prassura  batwaan  thasa  two.  Substituting  Pi_oc 
from  Eq.  7  into  Eq.  6  yislds  tha  ralationshipi 

Ca  ■  C  (aPtrak*-*  Pa)  “  3/  q  ^8) 


Ragrouping  tha  tarma  in  tha  numarator  and  noting  that 
tha  danofflinator  ia  aquivalant  to  Pc,  -  -fol lowing 
ataady  atata  raaaaoning  for  tha  incompraaaibla  Barnaul li 
aquation,  Eq.  8  bacomaai 

C,-  -  CAPx««N+<PA-P*)3/CP..-Pa,:  (9) 

It  ahould  ba  notad  that  q  ■  (Po-f^)  may  not  ba  valid 
undar  unataady  'flow  conditiona,  and  thia  aaaumption  can 
laad  to  praaaura  coaff icianta  graatar  than  ona.  Howavar 
tha  uaa  o-f  tha  praaaura  coaff icianta  in  thia  invaati- 
gation  ia  raatrictad  to  tha  datarmination  of  forca 
coaf 'f icianta  and  tha  dynamic  praaaura  tarm  will  ulti- 
mataly  cancal  itaal-f. 

Eq.  9  raquiraa  tha  datarmination  of  thraa  quan- 
titiaa  to  calculata  tha  corraaponding  praaaura 
coafficiant.  Tha  firat,  aP  ia  tha  diffaranca  in 

praaaura  batwaan  aoma  conatant  rafaranca  praaaura.  Pa, 
and  tha  praaaura  at  a  cartain  point  on  tha  aurfaca  of 
tha  airfoil.  Thia  diffarantial  praaaura  waa  aanaad  by  a 
tranaducar  mountad  in  tha  airfoil.  Tha  aacond.  Pa  -  , 

ia  tha  praaaura  diffaranca  batwaan  tha  rafaranca 
praaaura  and  taat  aaction  atatic  praaaura,  whila  tha 
third,  Po  -  ,  ia  tha  praaaura  diffaranca  batwaan  taat 

aaction  atagnation  praaaura  and  atatic  praaaura.  Sinca 


th«  ra-faranca  praaaura  muat  ba  aaally  accaaalbla  aa  wall 
aa  conatant,  amblant  room  praaaura  conatltutad  a  good 
choica,  although  any  conatant  praaaura  aourca  would  hava 
baan  accaptabla. 

Diacratiaatlon  of  tha  Praaaura  Diatrlbutlon 

Tha  fliathaaatical  procadura  davalopad  in  tha  pra- 
cadlng  aubaaction  ‘facllltataa  praaaura  coafflciant 
datarmi nation  at  any  tranaducar  location  on  tha  airfoil. 
To  mini mi 2 a  tha  arror  inharant  in  diacratizing  tha 
dynamic  atall  praaaura  diatribution*  two  baaic  iaauaa 
had  to  ba  addraaaad.  Tha  firat  iaaua  waa  to  datarmi na 
an  accaptabla  numbar  of  tranaducara  and,  tha  aacond,  to 
aatabliah  tha  optimum  dlatribution  of  thaaa  tranaducara. 

Obvioualy  a  graatar  numbar  of  tranaducara  raducaa 
tha  diacratization  arror,  howavar,  an  uppar  limit  on 
thia  numbar  ia  avantually  raachad.  In  thia  anparimant, 
16  tranaducara  wara  amployad  in  tha  aama  faahion  aa 
Schrack  C23i 14-161. 

Tha  raquiramant  of  accurataly  portraying  tha  air¬ 
foil  praaaura  dlatribution  govarnad  tha  placamant  of  tha 
16  praaaura  tranaducara.  Tharafora,  tha  tranaducara 
wara  concantratad  in  tha  ragion  of  tha  airfoil  whara  tha 
praaaura  dlatribution  waa  anticlpatad  to  hava  tha 


largaat  gradiant.  McCroakay,  at.  al .  C16i31  obtainad 
praaaura  dlatributiona  for  an  oaci Hating  NACA  0012 


airfoil  that  providad  a  uaaful  guida  for  locating  tha 
tranaducara.  Accordingly,  tha  tranaducara  wara  dia- 
tributad  moat  danaaly  on  tha  uppar  aurfaca  of  tha 
airfoil  and  naar  tha  laading  adga,  aa  ahown  in  Fig.  4. 

Tha  fact  that  thara  waa  no  tranaducar  at  tha 
trailing  adga  of  tha  airfoil  maant  thara  waa  no  diract 
maana  of  datarmining  tha  praaaura  at  tha  trailing  adga. 
Howavar,  McCroakay,  at.  al . ,  obtainad  raaulta  uaing  an 
airfoil  with  tha  raarmoat  praaaura  tranaducar  locatad  at 
tha  98  parcant  chord  poaition  C16t43.  Thay  raaaonad 
that  tha  trailing  adga  praaaura  coafficiant  can  ba 
approximatad  through  axtrapolation  of  tha  raarmoat  two 
tranaducara  on  tha  airfoil  uppar  aurfaca. 


Intaqration  of  tha  Praaaura  Diatribution 

Tha  diacratixad  praaaura  diatributiona  wara  inta- 
gratad  numarically  to  obtain  tha  corraaponding  forca 
coaf f icianta.  McCroakay,  at.  al.,  found  that  cubic  and 
variabla  powar  aplinaa  appliad  to  tha  diacrata  data 
pointa  did  not  yiald  accaptabla  accuracy.  Tha  aplina 
fita  cauaad  larga  ovarahoota  that  mada  thia  mathod 
unaatiaf actory  in  ganaral  application  C17i33.  Thara- 
fora,  all  intagration  in  thia  invaatigation  waa 
accompliahad  uaing  tha  trapazoidal  rula  following  tha 
mathod  of  McCroakay ,  at . al . 


Transducar  Locationa 


PatTtni nation  of  t  oreo  Coaf-f Icionta 

A  major  -factor  in  this  invntigation  Mas  tha 
datormi nation  o-f  tha  -forca  and  mooiant  coaf -f icianta  -for 
tha  airfoil.  Thaaa  coafficianta  Mara  obtainad  through 
intagration  of  tha  praaaura  diatribution  aa  follows  C33i 


Cm  «  -  J  C..  d(M/c>  (10) 

Cc  -  I  C.>  d(y/c)  (11) 

whara  Cm  is  tha  normal  forca  coafficiant,  Cc  is  tha 
chord  forca  coafficiant  and  C*>  is  tha  surfaca  prassura 
coafficiant.  Tha  quantitias  d(M/c)  and  d(y/c)  raprasant 
tha  diffarantial  langths  in  tha  h  and  y  diractions 
rafarancad  to  tha  airfoil  chord  langth. 


Cm  «  j  C,>  (0.2S  -  x/c)  d(K/c)  (12) 

whara  Cm  is  tha  quartar-chord  momant  coafficiant,  Cf>  is 
tha  surfaca  prassura  coafficiant  and  x/c  is  tha  chord- 
wisa  location  on  tha  airfoil. 

Tha  rasults  of  thasa  intagrations  war a  than 
combinad  to  form  tha  lift  and  drag  coafficianta  C21]i 


C, 


Cm  COS(d) 


(13) 


Sine*  vlacous  -faremm  war*  not  mmmmurmdf  thm  chord 


■forca  i*  incomplata  and  should  ba  ragardad  aa  only  tha 
praaaura  drag  portion  of  tha  airfoil  drag.  Furthar,  it 
is  racognizad  that  tha  spacing  of  tha  prassur*  trans- 
ducars  was  such  that  tha  Cc  should  ba  traated  as  far 
lass  raprasantati va  of  tha  actual  chord  forca  than  Cn  is 
raprasantati va  of  tha  normal  forca.  For  this  rsason,  an 
additional  tarm  of  Cc  ain<d)  was  not  includad  in  Eq.  13. 

Tha  Problam  of  Data  Acquisition 

haasuramant  of  tha  physical  paramatars  associatad 
with  dynamic  stall  prasants  a  uni qua  problam  dua  to  tha 
transiant  natura  of  tha  phanomanon.  Tha  maasuramant 
systam  had  to  ba  not  only  accurate «  but  ralativaly  fast. 
Tha  solution  to  this  problam  has  takan  many  forms,  with 
many  advancas  rasulting  from  tha  currant  stata  of 
digital  alactronics.  Krarnar  usad  a  balance  systam  to 
maasura  and  record  tha  aerodynamic  forces  on  tha  wing  as 
the  freastraam  flow  was  rotated  past  it.  Deakans  and 
Kuablar  usad  high-speed  cinematography  of  smoka  traces 
to  ascertain  airfoil  rotation  rata  and  dynamic  sapar — 
at ion  angle  of  attack.  Daley  also  usad  movias  of  smoka 
traces,  but  simultaneously  gathered  digital  position  and 


praasura  data  uaing  four  tranaducara  ambaddad  In  tha 
quartar-chord  raglon  of  tha  airfoil.  McCroakayy  at.al., 
uaad  an  airfoil  aquippad  with  16  praaaura  tranaducara, 
and  collactad  analog  alactronic  poaition  and  praaaura 
data. 

In  thia  invaatigation,  following  Schrack'a  mathoda  C231, 
digital  poaition  and  praaaura  information  waa  collactad 
uaing  an  airfoil  inatrumantad  with  16  praaaura  trana- 
ducara  (c.f.  abova) .  In  any  dynamic  maaauramant  ayatam, 
aampla  rata  ia  a  crucial  factor  in  datarmining  tha 
raaolution  capability  of  tha  maaauramanta.  In  thia  caaa, 
tha  abaoluta  lowar  thraahold  on  aampla  rata  waa  approx-* 
imataly  300  data  aamplaa  par  aacond  C4i7].  Tha  data 
acquiaition  ayatam  uaad  in  thia  invaatigation  had  tha 
capability  to  maat  and  axcaad  thia  critarion  by  a  wida 
margin  (c.f.  balow) . 
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III.  FacilitiM  and  Inatrumantation 


Smoka  Tunnal 


Thla  invaatigation  aaa  conductad  in  tha  AFIT  amoka 


tunnal  locatad  in  Building  640,  Araa  B,  Wright-Pattaraon 


AFB,  Ohio.  Tha  taat  aaction  maaauraa  99  inchaa  long. 


39.9  Inchaa  high,  and  2.79  inchaa  daap.  Tha  amoka 


tunnal  ia  capabla  o-f  taat  aaction  valocitiaa  batwaan, 


approx imataly,  10  and  49  faat  par  aacond.  Thia  facil¬ 


ity,  ita  capabilitiaa  and  limitationa,  ara  furthar 


daacribad  by  Siaaon  C241,  and  Baldnar  Z22.  Sinca  thia 


axparimant  did  not  involva  flow  viaualization,  tha  amoka 


ganaration  raka  warn  ramovad  from  tha  tunnal.  Shrack 


auggaatad  that  thia  modification  would  improva  taat 


aaction  flow  charactariatica  and  improva  data  quality 


C23i991,  although  thia  may  not  hava  baan  tha  caaa  (c.f. 


balow) . 


Valocitjy  flaaauramant 


Taat  aaction  atatic  and  total  praaaura  wara 


maaaurad  uaing  a  atandard  hamiapharical-haad  Pitot- 


atatic  proba  in  conjunction  with  a  Dwyar  Portabla 


•,4 

. . --li 


y  A 


r.  «~w  .  w'_  •r.  tr  w 
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Schrack'm  invMtigation  of  tha  taat  aactlon  ‘flow  char- 
actarlstlca,  tha  pitot-static  proba  was  locatad  at  a 
point  31  inchas  from  tha  start  of  tha  tast  saction 
C23i 64-693.  This  affordad  tha  most  accurats  maasuramant 
of  tost  saction  prassuros  whila  minimizing  tha  mutual 
intarforanco  batwoan  tha  airfoil  and  proba. 

Airfoil 

Tha  NACA  OOlS  airfoil  uaad  in  this  OMporimant 
maasurod  12.2  inchas  chord  and  2.63  inchas  span.  It 
consist ad  of  a  hallow  mahogany  shall  closod  on  both 
si das  by  aluminum  andplatos,  which  wars  soalad  to  tho 
shall  with  silicena  rubbar  adhosivo  soalant.  Figura  S 
shows  tho  four  difforant  roar  andplatas  that  wara 
constructad  to  allow  tho  airfoil  pitch  location  to  vary 
batwoan  tho  loading  odgo  and  throa-quartar  chord  point. 
Tho  rsar  ondplata  was  rigidly  attachod  to  a  14  inch 
tubular  aluminum  shaft  with  an  outsido  diamotor  of  .75 
inchas.  This  aluminum  shaft  had  a  slot  at  its  midpoint 
which  allowod  ambiont  atmosphoric  prassura  into  tho 
interior  of  tha  airfoil.  Tha  airfoil  shall  had  16 
transducer  ports  drilled  into  it  at  tha  locations  shown 
in  Figura  4. 
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Transducara 


Th«  tranaducara  uaad  in  thia  axparimant  wera 
Endavco  8506-2  and  8507-2  mlniatura  piazo-raalativa 
praaaura  tranaducara.  Tha  only  dlffaranca  batwaan  tha 
tMo  fflodala  waa  tha  typa  of  mounting  fiatura  uaad.  Both 
tranaducara  had  a  maMimum  ranga  o-f  plua  or  minua  2  paig, 
and  raquirad  an  aMcitation  voltaga  of  10.00  volta  DC. 
Thia  aMcitation  voltaga  waa  providad  by  a  Kapco  K8  25  DC 
Powar  Supply,  and  monitorad  by  a  Hawlatt-Packard  34701 A 
DC  voltmatar  with  a  34740A  digital  diaplay  inaart, 
allowing  voltaga  raadinga  to  thraa  dacimal  placaa. 
Raaonant  fraquancy  for  both  typaa  of  tranaducara  waa 
45,000  Hartz.  Thua,  tha  tranaducar  fraquancy  raaponaa 
had  a  nagligibla  affact  on  tha  raaulta  obtainad  in  thia 
invaatlgation. 

Tha  tranaducara  wara  mountad  in  tha  porta  of  tha 
airfoil  according  to  tha  apacif icationa  providad  by 
Endavco  C8]  uaing  Sllaatic  732  RTV  ailicona  rubbar 
adhaaiva  aa  tha  bonding  agant.  Tha  tranaducar  laada 
wara  aoldarad  into  a  40  pin  connactor  which  ramainad 
within  tha  airfoil  and  facilitatad  tha  aaay  changa  of 
airfoil  andplataa.  Aftar  complating  tha  alactrlcal 
connactiona  batwaan  tha  tranaducara  and  tha  micro- 
computar,  tha  tranaducara  wara  calibratad  aa  daacribad 
in  Appandix  A. 


Driv  M«ch«ni»fli 


Th«  airfoil  waa  rotatad  using  a  TRW  Qloba  Modal 
5A229B-4  12  volt  OC,  conatant-spaad  planatary  gaaraotor 
with  a  S25i 1  raduction  ratio.  Tha  motor  was  furthar 
gaarad  at  tha  output  shaft  in  a  2il  ratio  to  obtain 
highar  rotation  ratas.  Tha  motor  voltaga  sourca  was  tha 
Hawlatt-Packard  620SC  Dual  DC  Powar  Supply.  By 
adjusting  tha  input  voltaga,  tha  motor  producad  constant 
rotation  ratas.  An  axpsrimantal  tast  of  tha  airfoil 
driva  machanisffl  undar  static  conditions  found  tha  motor 
raaponsa  to  bo  llnoar  with  no  moro  than  0.5X  doviation. 
Tha  high  raduction  ratio  of  this  motor  providad  a  high 
output  torqua,  which,  in  turn,  spun  tha  output  shaft  up 
to  constant  spood  in  loss  than  .01  saconds.  This  start 
up  timo  was  nogligibla  whan  comparod  to  tha  tima  ro- 
quirod  to  roach  tha  dynamic  stall  angla  of  attack.  A 
spring-loadad  doublo-polo,  doublo-throw  toggla  switch 
was  usod  to  control  tha  motor  and  allowod  both  posltivo 
and  nogativo  rotations  of  tha  airfoil. 

Tha  airfoil  anglo-of -attack  transducar  consistod  of 
a  Spactrol  80059  1000  ohm,  tan-turn  potantiomator  which 
was  couplad  to  tha  airfoil  shaft  through  a  goar  train 
having  a  33i 1  ratio.  This  allowad  approMlmatoly  100 
dogroos  of  airfoil  rotation  for  tha  full  tan  turns  of 
tha  potantiomatar.  Tha  potantiomatar  was  axcitad  at  10 
volts  DC  using  tha  Hawlatt-Packard  6205C  Dual  DC  Powar 


Supply  and  th«  output  was  fad  into  tha  mi crocomputar  to 
provida  airfoil  position  information.  A  calibration  of 
tha  potantiomatar  found  a  linaar  raaponaa  with  a  maMimum 
daviation  laaa  than  0.4%  full  seal a.  Figura  6  ahoMS  tha 
antira  aaaambly  in  placa  on  tha  taat  stand  which  was 
mount ad  on  tha  raar  si da  of  tha  tunnal. 

Data  Acquisition  Systam 

Tha  mi crocomputar  systam  consistad  of  a  Haathkit 
H-29  tarminalf  a  Tarball  Modal  VDS-lld  dual  aight-inch 
floppy  disk  driva,  and  an  Elactronic  Control  Tachnology 
S-100  bus  aquippad  with  an  8D  Systams  8BU-100  Singla 
Board  Computar,  SD  Systams  Enpandaram  ZI  board,  and  an 
M02022  Tarball  Disk  Control lar  board.  Figura  7  shows 
tha  antira  systam  in  position  nsMt  to  tha  smoka  tunnal. 
This  systam  was  augmantad  with  two  Dual  Systams  Control 
Corporation  AIM-12  analog  input  modulo  boards  to  parform 
tha  digital  data  gathoring  function. 

Tha  AIM-12  is  a  high  spaod,  multiploxad  analog-to- 
digital  data  acquisition  modulo  compatiblo  with  tha 
standard  S-100  bus.  Tha  AIM-12  omploys  a  samplo/hold 
mochanism  which,  combinod  with  tha  multiplaxar,  allows 
maximum  throughput  oparation  for  analog-to-digi tal  (A/D) 
convorsions.  Tha  board  is  capablo  of  making  a  complota 
data  pass  through  all  sixtaan  transducors  in  lass  than  4 
millisaconds.  Tha  analog-to-digi tal  convorsion  sub- 
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Mounted 


mymtmm  on  thm  board  oparataa  in  aithar  bipolar  or  uni¬ 
polar  moda.  Tha  unipolar  noda  raquiraa  tha  input 
voltaga  to  tha  A/D  convartar  ba  Mi thin  tha  ranga  of  O  to 
10  voltBf  Mhila  tha  bipolar  aoda  accapta  input  voltagaa 
from  -S  volta  to  -t-S  volta.  Tha  AXM-12  board  alao  haa  a 
pracondit toning  aubayatam  conaiatlng  of  a  multiplaNad, 
praciaion  inatrumantation  amplifiar  Mith  variabla  gaina 
batwaan  1  and  100.  Oparation  in  tha  bipolar,  or 
dif f arantial ,  moda  takaa  advantaga  of  tha  amplifiar 'a 
high  common  moda  rajaction  ratio,  which  ia  a  maMimum  of 
114  dacibala  with  tha  gain  amt  at  100. 

Aa  mantionad  pravioualy,  tha  data  aciiuiation  ayatam 
uaad  two  AXn-12  boarda.  Tha  board  raaponaibla  for 
coll act! on  and  digitization  of  tha  praaaura  tranaucar 
aignala  waa  conflgurad  for  bipolar  A/D  convaraion  and 
amplifiar  gain  of  100.  Dua  to  tha  amall  praaauraa  baing 
sanaad  by  tha  tranaducara,  tha  alactrical  aignala  orig¬ 
inating  at  tha  praaaura  tranaducara  had  a  magnituda  of 
approN i matal y  IS  millivolta.  Although  tha  gain  of  100 
raaultad  in  no  mora  than  30  parcant  of  full-acala  on  tha 
A/D  convartar,  tha  high  common  moda  rajaction  ratio  waa 
vary  affactiva  in  cancalling  noiaa  in  tha  ayatam  and  tha 
raaulting  in  good  ovarall  ayatam  accuracy. 

Tha  aacond  Ain-12  beard  waa  raaponaibla  for  the 
collaction  and  digitization  of  tha  pealtlon  potanti- 
omatar  aignal,  which  variad  batwaan  0  and  10  volta. 


IV.  ExpTimantal  Proc»dur« 

Tranaducar  Callbraticwi 

All  16  tranaducara  in  tha  airfoil  Nora  atatically 
calibratad  prior  to  tha  firat  data  coll action  run.  Thia 
calibration  procadura  Maa  rapaatad  at  tha  complation  of 
all  data  gatharing  and  tha  raaulta  coaparad  to  tha  ini¬ 
tial  calibration  run.  A  complata  daacription  of  tha 
tranaducar  calibration  procadura  ia  praaantad  in 
Appandix  A. 

Data  Coll action 

To  prapara  tha  ayataa  for  a  data  coll act ion  run, 
all  thraa  voltmatara,  both  powar  auppliaa^  and  tha 
computar  mara  allowad  to  Marm  up  for  a  minimum  of  ona 
hour  bafora  any  data  Maa  takan.  Thia  procadura  allowad 
any  larga  alactrical  tranaianta  in  tha  ayatam  to  dia  out 
and  inaurad  naarly  ataady-stata  oparation  during  data 
col 1 action. 

Tha  firat  atap  in  making  a  data  coll act ion  run  waa 
to  ax acuta  tha  data  acquiaition  program,  TESTRUN  (aaa 
Appandix  B) .  Thia  program  controllad  tha  ramaindar  of 
tha  axparimantal  procadura  by  raquaating  input  or  pro¬ 
viding  inatructiona  concarning  aquipmant  oparation.  Tha 
following  diacuaaion  conatitutaa  a  aummary  of  tha  data 
coll act ion  aaquanca. 
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Tha  -first  sat  o-f  inputs  to  tha  computar  includad 
data,  tima,  tamparatura,  and  baromatric  prasaura.  Thasa 
valuas  Mara  than  achoad  back  to  tha  oparator  for  varifi- 
cation  bafora  Mriting  thaoi  to  tha  disk  fila.  Tha 
program  than  obtalnad  zaro-input  raadings  for  tha  16 
transducars,  dlaplayad  tham  on  tha  tarminal  scraan,  and 
wrota  tha  valuas  to  disk.  At  this  point  tha  program  in- 
structad  tha  oparator  to  turn  on  tha  tunnal  motors  and 
obtain  tha  dasirad  tast  saction  valocity. 

Tha  naxt  sat  of  inputs  conaistad  of  tha  tMo  dif- 
farant  inclinad  manomatar  raadlnga,  tha  airfoil  drlva 
motor  voltaga  and  tha  potanti omatar  voltagaa  corra- 
sponding  to  tha  90  and  0  dagraa  angla-of -attack 
positions.  Tha  first  manomatar  raading  was  tha 
diffaranca  batwaan  ambiant  prassura  and  tast  saction 
static  prassura  (Pa-  > •  This  was  obtainad  by  connac¬ 
ting  tha  pitot-static  proba  static  port  to  ona  lag  of 
tha  manomatar  and  laaving  tha  othar  lag  opan  to  ambiant 
air.  Tha  sacond  manomatar  raading  was  tha  diffaranca 
batwaan  tha  tast  saction  total  and  static  prassuras 
(Po-  ) ,  and  was  obtainad  by  connacting  tha  tuba  from 
tha  proba  total  prassura  port  to  tha  othar  lag  of  tha 
manomatar. 

Tha  voltagas  corraspondlng  to  90  and  0  dagraas 
angla-of-attack  wara  datarminad  using  a  digital  volt- 
matar  connactad  to  tha  position  potanti omatar .  Tha  90 
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and  0  dagraa  poaitlonB  wara  indicatad  by  markara 
attachad  to  tha  back  glasa  Mail  O'f  tha  taat  saction. 
Aftar  inputlng  tha  poaition  voltagaa*  tha  motor  voltaga 
Maa  antarad,  and  all  input  valuaa  wara  achoad  at  tha 
tarminal  acraan  for  varif Ication. 

Tha  naMt  phaaa  of  tha  program  involvad  tha  actual 
dynamic  atall  data  collaction  far  fiva  conaacutiva 
airfoil  rotationa.  Tha  oparator  Mould  firat  input  tha 
numbar  of  aamplaa  to  ba  takan  and  chooaa  aithar  manual 
or  automatic  triggar  for  tha  data  collaction  routina. 

Tha  numbar  of  aamplaa  and  triggar  mathod  ramainad 
conaiatant  for  tha  fiva  conaacutiva  rotationa  to  avoid 
difficulty  during  data  raduction.  Aftar  rotating  tha 
airfoil  through  dynamic  atall  and  raturning  it  to  zaro 
angla~of -attack t  tha  computar  Mould  output  tha  numbar  of 
aamplaa  actually  takan  and  tha  computad  angular  rotation 
rata  in  dagraaa  par  aacond.  Tha  data  aat  Maa  than 
acannad  for  obvioua  caaaa  of  non-linaar  motor  roaponao. 
At  thia  point  tha  oparator  dad dad  Mhathar  to  Mrita  tha 
data  aat  to  dlak,  or  rapaat  tha  rotation.  Tha  data  aat 
Maa  rapaatad  if  tha  rotation  rata  Maa  not  Mi thin  tMO 
dagraaa  par  aacond  of  tha  pravioua  angular  rotation 
rataa  or  if  it  Maa  Judgad  that  tha  rotation  rata  Maa  not 
conatant.  Tha  oparator  rapaatad  thia  procaaa  for  a 
total  of  fiva  airfoil  rotationa. 
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A'ftar  obtaining  -fiva  satiafactory  dynamic  atall 
data  -filaaf  a  atatic  lift  curva  waa  datarminad  for  tha 
aama  taat  aaction  valocity.  Thia  part  of  tha  program 
firat  inatructad  tha  oparator  to  poaition  tha  airfoil  at 
tha  daairad  atatic  angla-of -attack.  Tha  atatic  angla  of 
attack  Maa  aatlmatad  using  a  protractor  tapad  to  tha 
back  Mall  of  tha  taat  aaction.  Than,  at  tha  command  of 
tha  oparator,  tha  tranaducara  Mara  aamplad  180  timaa, 
and  tha  raaultlng  normal  forca  coafficlant  Maa  computad 
and  diaplayad  at  tha  tarminal.  Tha  poaition  potantl- 
omatar  voltaga  and  tranaducar  valuaa  Mara  racordad  on 
diak  and  tha  procadura  Maa  rapaatad  a  aufficiant  numbar 
of  timaa  at  auccaaaivaly  highar  anglaa  of  attack  to 
dafina  a  static  lift  curva.  Aftar  obtaining  anough 
samplea  to  datarmina  tha  static  lift  curva,  tha  data 
coll act! on  program,  TESTRUN,  Mas  tarminatad  and  tha 
tunnal  shut  doMn  until  tha  naMt  run. 

After  completing  all  the  data  runs  for  a  given 
pitch  location,  the  airfoil  modal  Mas  ramoved  from  tha 
tunnal.  Tha  rear  endplate  Mas  than  removed  and  tha 
transducer  leads  Mare  disconnected  from  the  computer. 

The  endplate  Mas  exchanged  for  one  Mith  a  neM  pitch 
location  and  the  transducer  leads  Mara  reconnected  to 
tha  computer.  Aftar  a  quick  check  to  datarmina  tha 
transducers  Mara  still  functioning  properly,  tha  airfoil 
Mas  saalad  using  RTV  adhasiva  and  returned  to  tha  tunnal 


test  •action.  Tha  antira  taat  procadura  waa  than 
rapaatad  for  tha  naw  pitch  location. 


EKcaptiona 

During  tha  couraa  of  tha  aNparimantal  runa,  cartaln 
avanta  dif farad  from  tha  procaduraa  outlinad  abova.  Tha 
firat  aMcaption  involvad  data  runa  with  pitch  locationa 
forward  of  tha  mid-chord.  Dua  to  larga  aarodynamic 
forcaot  tha  airfoil  fail ad  to  rotata  bayond  approxi- 
mataly  SO  dagraaa  angla-of -attack.  A  plot  of  tima 
varaua  poaition  for  tha  airfoil  rotation  ahowad  a 
conatant  angular  rata  up  to  SO  dagraaa.  9inca  tha 
dynamic  atall  avant  ia  uaually  complata  by  tha  35  dagraa 
poaition  and  tha  rotation  rata  waa  conatant  throughout 
that  ranga,  thia  condition  did  not  affact  tha  axpar- 
imantal  raaulta.  Anothar  problam  with  airfoil  rotation 
waa  diacovarad  during  tha  rotationa  about  tha  thraa- 
quartar  chord  point.  Tha  rotation  motor  could  not 
•upply  anough  torqua  to  rotata  tha  airfoil  from  tha  zaro 
angla  of  attack  poaition  through  dynamic  atall.  Thia 
condition  nacaaaitatad  tha  procadura  of  pitch  down  for 
thaaa  taat  runa.  Baing  a  aymmatric  airfoil,  tha  aaro¬ 
dynamic  forcaa,  in  principal,  arm  tha  aama  for  a  givan 
angla-of -at tack,  whathar  poaitiva  or  nagativa.  Thia 
fact  combinad  with  a  ralativaly  aymmatric  diatribution 
of  praaaura  tranaducara  Impliaa  that  pitch  up  or  pitch 


down  should,  thsorsticslly ,  hava  llttls  offset  as  long 
as  the  rotation  rata  is  constant|  in  practico,  hoMOvor, 
thoro  may  havo  boon  somo  difforsneos  (c.f.  discussion 
aftor  Eq.  18,  boloM).  Tho  third  oMcaption  involved  tho 
change  of  transducer  number  seven.  This  transducer 
became  orrratic  and  failed  to  respond  accurately  during 
a  change  of  ondplatas.  The  old  transducer  Mas  replaced 
with  another  Endevco  8S07~2  and  tho  transducer  leads 
were  wired  into  the  connector  pin.  The  new  transducer 
required  minor  modifications  to  the  oNperiment  software 
to  reflect  the  new  transducer  sensitivity. 

Velocities  and  Reynolds  Numbers 

Using  the  procedure  outlined  above,  test  runs  wars 
conducted  at  test  section  velocities  ranging  between  25 
and  45  feet  per  second.  Although  the  smoke  tunnel  was 
capable  of  test  section  velocities  as  low  as  10  feet  per 
second,  any  data  gathered  at  velocities  below  approNi- 
mately  25  feet  per  second  was  assumed  unacceptable  for 
two  reasons.  First,  the  magnitude  of  the  resulting 
signal  was  small  enough  to  fall  within  the  noiss  range 
of  the  transducer.  Second,  the  resulting  angalog-to** 
digital  resolution  was  unacceptable  due  to  the  small 
percent  of  full  scale  output  at  the  anal og-to-di git al 
converter.  Velocities  above  40  feet  per  second  were 


attempted,  but  the  results  were  suspect  and  suggest  the 


■Mistanca  of  larqa  seal a  tunnal  turbulanca  diacovarad 
during  Siaaon's  invaatigation  C243.  At  aach  taat  aac- 
tion  valocity,  fiva  data  runa  Mara  accoapliahad  for 
thraa  diffarant  aotor  voltagaa,  giving  a  total  of  60 
taat  conditional  or  300  total  dynamic  data  runa.  Tha 
raaulting  Raynolda  nuabara,  baaad  on  airfoil  chord- 
langthi  rangad  from  14i700  to  26,700.  Aa  auch,  all  data 
warn  collactad  in  a  flow  ragiaa  ganarally  accaptad  aa 
laminar,  baaad  on  Raynolda  nuabar. 


V.  Daf  R»duetion  and  Di«cu»«ion  of  R»»ult« 


Data  Raduction 

Tha  data  raduction  pracaas  for  thia  aMparlaant  waa 
a  two  atap  procaaa.  Tha  firat  atap  waa  accomplahad  on 
tha  aMparimantal  fflinl-computar  uaing  a  haavily  aodifiad 
varaion  of  Schrack'a  data  raduction  program.  Tha  pro¬ 
gram  uaad  tha  fiva  raa  praaaura  data  filaa  ganaratad 
during  tha  aMparimantal  runa  and  producad  a  data  fila 
that  containad  timaf  poaition,  praaaura  coafficiant  and 
aarodynamic  forca  coafficiant  data.  Tha  program  firat 
computad  tha  aMparimantal  taat  conditiona  uaing  tha 
tamparatura,  baromatric  praaaura  and  manomatar  raadinga 
takan  during  tha  taat  runa.  Thaaa  data  wara  uaad  to 
computa  tha  taat  aaction  valocity  and  Raynolda  numbar 
baaad  on  airfoil  chord  for  tha  aMparimant.  Tha  program 
than  cyclad  through  all  fiva  data  runa,  uaing  tha  ra- 
cordad  digital  voltagaa  to  computa  airfoil  angla  of 
attack  and  praoauraa.  Bacauaa  tha  tranaducar  aampling 
waa  not  aimultanaoua,  a  linaar  intarpolation  waa  par- 
formad  on  all  tranaducar  data  in  ordar  to  rafaranca  tha 
airfoil  praaaura  diatribution  to  a  tima  of  intaraat. 

Tha  aubaaquant  praaaura  diatribution  waa  than  convartad 
into  praaaura  coafficianta  uaing  Eq.  9,  and  intagratad 
uaing  tha  trapazoidal  rula  to  obtain  airfoil  normal 
forca,  chord  forca  and  pitching  momant  about  tha  quartar- 


chord.  Finally,  tha  force  data  ware  convartad  to  lift 
and  drag  coafficianta  using  Eqs.  13  and  14.  Tha  raducad 


data  fila  waa  than  arittan  to  disk  for  latar  usa.  This 
fila  consistad  of  heading  information,  including  test 
conditions,  and  fiva  sets  of  data  runs,  each  containing 
200  data  points. 

Tha  static  data  was  similarly  raducad,  ascapt  there 
Mas  no  linear  interpolation  of  praasura  data  since  these 
runs  Mara  conducted  at  static  anglas-of -attack.  This 
program  also  introduced  tha  computed  Mind  tunnal  cor- 
raction  factors  for  blockage  and  straamlina  curvature. 
Schrack  C23i 60-633  developed  tha  correction  factors  for 
this  aMparimantal  setup  baaed  on  tha  discussion  by 
Pankhurst  and  Holder.  These  values  Mars  recomputed  to 
confirm  thair  accuracy  and  than  applied  to  tha  static 
data. 

Tha  rough  static  and  dynamic  stall  data  files  Mara 
than  transferred  to  the  Aeronautical  Systems  Division 
CDC  Cybar  computer  for  further  manipulation  and  plot¬ 
ting.  Tha  dynamic  data  files  ware  reduced  further  by 
using  the  DATREO  program.  This  program  took  all  five 
data  runs  and  performed  an  ansambls  averaging  routine 
based  on  one  degree  blocks  of  angle-of -attack  to  produce 
tha  final  dynamic  stall  data  sets.  This  program  also 
took  tha  time  and  position  data  and  computed  tha  average 
rotation  rate  for  the  data  set  using  a  linear  least 


aquarvB  fit.  Tha  /mm 1 mum  daviation  from  a  llnaar 
raaponaa  Maa  computad  and  data  aata  that  variad  by  niora 
than  flva  parcant  viara  idantlfiad  as  non-linaar.  A 
aioiilar  avaraging  routlna  aaa  parfermad  on  tha  static 
stall  data  runs  and  all  filas  wars  atorad  for  futura 
usa. 

Aftar  parforming  tha  avaraging  routinas,  tha  final 
data  filas  Msra  printad  and  usad  in  conjunction  with  tha 
rough  data  filas  to  datarmina  tha  dynamic  stall  angla  of 
attack.  A  similar  procadura  mas  follomtad  for  tha  static 
stall  curvas  and  thasa  data  aara  usad  to  computa  tha 
AOm-r^i-L.  information  listad  in  tha  rasults  saction.  Tha 
final  stap  in  tha  data  raduction  was  to  ganarata  tha 
plots  shown  in  tha  rasults  saction  using  tha  PLOTM 
routinas  on  tha  Cybar  computar.  A  copy  of  aach  program 
is  providad  in  tha  Computar  Softwara  Appandix  B. 


Discussion  of  Rasults 

Tha  datails  of  tha  dynamic  stall  avant  hava  baan 
dascribad  in  numarous  works  C93,Cia],  C263,  and  this 
axparimant  found  tha  sama  tandancias  in  tha  dynamic 
stall  lift  curvas.  In  all  casas,  tha  lift  curva 
axtandad  bayend  tha  point  of  static  stall  and  tha 
airfoil  lift  continuad  to  incraasa  to  a  point  at  which 
catastrophic  stall  occurrad.  This  is  most  aasily  saan 
in  Figuras  9-12  which  show  tha  prassura  distribution 


Airfoil  Dynamic  Stall  Prmsaura  Distribution 
V  -  29.1  fps,  a*  38.8  dog,  a  -  118.8  dag/sac 


around  tha  air-foil  at  points  bm-farm  and  a-ftar  dynamic 
stall.  Tha  dynamic  stall  avwit  bagins  Mith  a  larga 
build-up  o-f  praasura  naar  tha  laading  adga  o-f  tha 
airfoil.  Just  aftar  quartar-chord  saparation  (c.f. 
introduction) ,  thia  praaaura  spika  bagina  to  flattan  and 
mova  toward  tha  trailing  adga.  As  tha  praaaura  apika 
fflovaa  off  tha  airfoil,  thara  ia  a  cataatrophic  collapaa 
of  tha  praaaura  diatribution  raaulting  in  tha  daap 
dynamic  stall  condition.  Tha  physical  anplanation  for 
this  saquanca  shows  that  tha  flattaning  and  movamant  of 
tha  praaaura  spika  is  causad  by  tha  formation  and  sub- 
saquant  shadding  of  a  strong  vortas  from  tha  airfoil 
laading  adga.  Rafaranca  10  and  rafaranca  26  hava  as- 
eallant  smoka  flow  visualization  picturas  substantiating 
this  argumant. 

As  with  tha  past  rasaarch,  a  strong  corral at ion 
aMists  batwaan  tha  non-dimansional  rata  paramatar  (d^o) 
and  tha  incraasad  stall  angla-of-attack.  Figura  13 
shows  this  rasult  by  plotting  throw  casos  of  Incroasing 
dMD  for  dynamic  stall  lift  curvos.  In  oach  caso,  tha 
dynamic  stall  point  is  dalayod  dua  to  tha  incroasa  in 
pitch  rata.  This  study  also  introducod  tha  dotor- 
mination  of  airfoil  drag  and  momont  coaf f iciants.  Tha 
samo  affact  found  in  tha  lift  curva  data  also  is  found 
in  tha  drag  and  momont  data.  As  omd  incrsasas  thara  is 
a  corrasponding  incroasa  in  drag  coaf fici ant  and  a  dal ay 


Figure  IS.  Combined  Dynamic  Stall  Pitching  Moment  Curves 
einD  -  .021,  .027,  .036  Respectively 
V  =  29.07,  Pitch  Location  *3  (  .SOc  > 


_  or,  •rj  'T.  •>r^  w.  la".  ir*/ 


in  th«  stall  angla  o-f  attack,  as  shown  in  Fig  14.  The 
momsnt  cosf -f iciont  was  calculatsd  for  ths  airfoil 
quartor-chord  point.  Fig  IS  shows  ths  momsnt  to  bo 
fairly  constant  through  tha  initial  part  of  tho  dynaolc 
stall  rotation  followsd  by  an  abrupt  incrsaso  with  a 
largo  pitch  down  aiomont.  This  tondoncy  was  also  notod 
by  McCroskoy,  at.  al.  in  thalr  aMporimantal  invostiga- 
tions.  Thus  it  appoars  that  tha  non-dimansional  angular 
rata  has  a  direct  impact  on  all  airfoil  aerodynamic 
forces. 

Tha  results  of  tha  OMpari mental  runs  at  pitch  loca¬ 
tion  numbar  one  (pitching  about  tho  .08  chord  position) 
ara  provided  in  Table  IZ.  These  data  show  a  consistent 
trend  of  increased  stall  angle  of  attack  with  increased 
dND.  Fig  16  shows  this  data  plotted  in  the  form  devel¬ 
oped  by  Deokens  and  Kuablar  C61  where  the  change  in 
stall  angle  of  attack  (a«iaT<«t_i_)  is  plotted  versus  non- 
dimensional  angular  rata.  As  ONpacted  this  shows  a 
linear  tendency  between  increased  stall  angle  of  attack 
and  non-dimensional  pitch  rate.  A  linear  least  squares 
curve  was  fit  through  the  data  with  the  resulting 
squat ion I 


ada-rA(_u  *  S.  06  ^  173.8*9  Und  (15) 


Where  Ama-rAi.t_  is  aNprassad  in  degrees.  Although  tho 
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TABLE  II 


Data  Sufflfflary  for  Pitch  Location  ttl  -  .Oflc 


Tunnal 

Rotation 

daxm-i. 

• 

Valocity 

Rato 

Static 

Dynami  c 

(ft/sac) 

(dag/sac) 

(dagroaa) 

(dagroaa) 

25.43 

85.95 

16 

26.4 

.030 

25.43 

N/L 

16 

10.6 

24.97 

183.17 

16 

31.5 

.065 

30.05 

N/L 

16 

21.5 

30.03 

112.84 

16 

27. 1 

.033 

30.02 

183.02 

16 

31.1 

.054 

35.64 

44. 19 

16 

22.5 

.011 

35.64 

98.39 

16 

25.0 

.024 

35.32 

129. 16 

16 

27.0 

.032 

37.87 

N/L 

16 

22.6 

37.57 

95. 16 

16 

24.6 

.022 

37.59 

133.89 

16 

26.9 

.031 

N/L  moana  tha  rotation  was  non-linaar 


corralation  factor  la  high  for  this  data,  visual 
inspoction  auggoata  tha  poaaibility  of  a  curva  with 
docraaaing  slops  as  dMo  incraasas  bayond  about  .OS. 

This  typa  of  curva  VMMild  ba  consiatant  with  tha  findings 
of  Daisy  and  Oaokana  and  Kaublar  for  quar tar-chord 
saparation  as  ahoMn  in  Fig.  3  (c.f.  Introduction). 
Hotvavar,  thara  wars  insufficlmt  data  points  at  tha 
highar  nondimanaional  rataa  to  substaintiata  this  idaa. 

Tha  rasults  of  tha  aMpariaantal  runs  at  tha  sacond 
pitch  location  (rotation  about  tha  .25  chord  point)  ara 
givan  in  Tabla  111.  Again  tha  trands  of  incraasad  stall 
angla  of  attack  with  incraasad  pitch  rata  ara  prasant. 
Fig  17  shOMS  tha  changa  in  stall  angla  of  attack  varsus 
non-dimansional  pitch  rata  and  tha  ralatlonship  again 
appaars  fairly  linsar.  A  Isast  squarss  fit  of  this  data 
yialds  tha  squat i on i 

aasTAt.!.  *  ^.40  240.06  dNo  (16) 

Tha  rasults  of  tha  OMparifflantal  runs  for  pitching 
about  tha  airfoil  mid-chord  ara  givan  in  Tabla  IV. 

Thasa  data  should  ba  dirsctly  comparabla  with  tha  data 
of  Schrack  who  also  pit chad  about  tha  mid-chord  point. 

A  comparison  of  Schrack 's  data  and  tha  rasults  of  this 
axparimant  is  providad  in  Fig  18.  A  laast  squaras  fit 
of  tha  mid-chord  pitching  data  has  tha  squationi 
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Data  Summary  -for  Pitch  Location  #2  *  .2Sc 


last 

Tunnal 

Rotation 

aaTAi_i_ 

d»-rA>-i- 

Omd 

Run 

Val ocity 
(•ft/aac) 

Rata 

(dag/aac) 

static 

(dagraa 

a) 

Dynami  c 
(dagraaa) 

-  .  ! 

2-1 

23.  37 

74.04 

15.5 

25. 1 

.025 

,  •  *’  .‘j 

2-2 

23.83 

143.24 

15.3 

31.6 

.049 

2-3 

23.20 

173.61 

13.5 

33.6 

.062 

2-4 

29.68 

90.36 

15.5 

26.2 

.027 

2-S 

29.68 

117.02 

13.5 

29.4 

.035 

w  - 

2-6 

29.30 

148.63 

15.5 

32.5 

.045 

:  ».  1 

^,4 

2-7 

33.23 

N/L 

15.5 

26.5 

2-8 

33.76 

N/L 

15.5 

31.5 

*\  ***. 

2-9 

DISK  ERROR 

-  DATA 

LOST 

V 

2-10 

40.38 

59.29 

15.5 

23.  1 

.013 

J 

2-11 

38.89 

133.66 

15.5 

27.2 

.030 

2-12 

39.21 

170. 13 

15.5 

29.4 

.038 

2-13 

44.30 

N/L 

15.5 

22.6 

4 

2-14 

43.03 

101.53 

15.5 

24.3 

.020 

2-lS 

44.84 

N/L 

15.5 

26.9 

< 

Notai 

N/L  maans 

tha  rotation 

Maa  non 

-linaar 

I  ~ « •  %  • 

V  *. 


vs 


TABLE  IV 


0«t«  Sumoiary  far  Pitch  Location  #3  -  .90c 


Taat 

Run 

Tunnal 

Valocity 

(ft/sac) 

Rotation 

Rato 

(dag/aoc) 

OSTM.!. 

Static 

(dagroaa) 

Dynainic 

(dagroaa) 

3-1 

23.77 

83.07 

13.8 

28.5 

3-2 

23.61 

102.70 

15.8 

32.5 

3-3 

23.86 

N/L 

15.8 

34,4 

3-4 

26.41 

109.72 

15.8 

32.6 

3-3 

29.  16 

69.01 

13.8 

25.5 

3-6 

DISK  ERROR 

-  DATA  LOST 

3-7 

29.07 

116.89 

13.8 

31.1 

3-a 

31.32 

97.70 

15.8 

28.5 

3-9 

34. 16 

N/L 

15.8 

28.6 

3-10 

33.92 

N/L 

15.8 

30.4 

3-11 

34.04 

114.26 

15.8 

29.6 

3-12 

DISK  ERROR 

-  DATA  LOST 

3-13 

39.33 

74.57 

15.8 

23.2 

3-14 

39.96 

102.21 

15.8 

27.0 

3-13 

39.09 

N/L 

15.8 

32.5 

3-16 

40.38 

N/L 

15.8 

31.5 

3-17 

44.04 

N/L 

15.8 

28.5 

3-ia 

44. 19 

N/L 

15.8 

29.3 

3-19 

43.90 

N/L 

15.8 

29.6 

Notoi  N/L  maans  tho  rotation  Mas  non-linaar 


AdaTM.!.  *  la  16  ^  41Sa34  doio  (17) 

Th«M  rsaultB  tand  to  varify  tha  findinga  of  Schracfc  and 
Incraaaa  tha  ranga  of  data  into  a  highar  non<-diaanaional 
pitch  rata  araa.  Thua  tha  awpactad  rasponaa  of  in- 
craaaad  atall  angla  o-f  attack  Mith  incraaaad  pitch  rata 
aaafflB  to  ba  confirmad. 

Whan  tha  raaulta  from  tha  thraa  pitch  locationa  ara 
combi nad  into  ana  graph,  aa  ahotun  in  Fig  19,  a  da'finita 
trand  aMiata  batwaan  pitch  location  and  chango  in  atall 
angla  of  attack.  Thia  trand  ««aa  pradictad  by  Allaira 
Mho  ahoMod  that  tha  changa  in  quartar  chord  aaparation 
(^#  angla  of  attack  Mould  incraaaa  aa  tha  pitch  location 

fflovad  from  tho  loading  odga  to  tha  trailing  odga.  Tha 
raaaoning  bohind  thia  argumont  pointa  to  tha  incraaaad 
loading  adgo  valocity  Inducod  during  tha  rotation.  Aa 
tha  rotation  point  movaa  backMard  along  tha  airfoil,  tho 
atroam  valocity  inducad  by  tha  pitching  motion  ia  in¬ 
craaaad,  thua  for  tha  aamo  ano  tha  loading  adgo  valocity 
Mill  incraaao  aa  tha  pitch  location  movaa  aft.  Thia 
incraaaad  valocity  Mill  incraaaa  tho  "maaa  ingoation" 
into  tha  boundary  layor  and  tond  to  halp  kaop  tha  floM 
attachod  to  tho  Ming  for  a  longor  poriod  of  timo. 
Aaauffling  that  quartar  chord  aaparation  ia  a  pracuraor  of 
airfoil  atall,  it  ia  logical  to  antond  tha  argumont  to 
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Combi nad  Data  Summary  for  Pitch  Locationa 


includa  dynamic  stall.  Thus,  moving  thm  pitch  location 
aft  should  hava  tha  sama  tandancy  as  incraasing  tha  non- 
dimansional  pitch  rata,  dalaying  stall  and  incraasing 
tha  maMiffluffl  lift. 

Tha  data  from  airfoil  rotations  about  tha  fourth 
pitch  location  aara  not  includad  in  tha  pravious 
discussion  duo  to  tha  changa  in  oMparimantal  conditions. 
Tablo  V  lists  tha  rosults  of  thoso  toot  runs  and  tha 
sama  tandancy  to  a  linaar  ralationship  batwoon  dalta 
alpha  stall  and  pitch  rata  axists  in  tha  data.  A  laast 
squaras  fit  of  tha  data  ganaratas  tha  aquationi 

AciaT#M_i_  *  2.S2  ^  329.42  ebuD  (IB) 

Fig  20  shows  thaoa  rosults,  howovor,  whan  comparod  to 
tha  othar  pitch  location  data,  as  shown  in  Fig  21,  it  is 
soon  that  pitching  about  tha  .61  chord  position  brought 
a  dacraasa  in  tha  changa  in  stall  angla  of  attack  vorsus 
angular  rata.  Although  this  docroasad  slopo  may  ba  an 
actual  physical  occur anco,  tharo  sooms  to  bo  no  thoo- 
rotical  oxplanation  for  it.  Anothar  possiblo  oxpla- 
nation  for  tha  discropancy  botwaon  oKparimant  and  thaory 
falls  in  tha  roalm  of  OMporimontal  procodura.  Although 
tha  airfoil  is  symmotric  and  tha  prossura  transducars 
ara  fairly  ovanly  distributod  naar  tha  loading  odgo,  a 
disparity  batwoon  uppar  and  lowor  surfaca  transducars 
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TABLE  V 


Data  Summary  for  Pitch  Location  #4  -  .61c 


■t 

Tunnal 

Rotation 

dBTAI-l_ 

OlaTAi-i. 

n 

Omlocity 

(■ft/smc) 

Rata 

(dag/aoc) 

Static 

(dagraoB) 

Dynami c 
(dagraaa) 

1 

23. 73 

82.43 

13.3 

26.5 

2 

23.73 

120.68 

13.3 

31.6 

3 

26. 17 

139.43 

13.3 

33.6 

4 

30.98 

71.34 

15.3 

24.3 

5 

28.66 

118.84 

15.5 

30.6 

6 

30.93 

133.93 

13.3 

31.1 

7 

36.46 

61.92 

15.5 

23.0 

8 

36.  13 

102.28 

15.5 

26.5 

9 

33.34 

133.93 

15.5 

30.5 

10 

38.02 

80.86 

15.5 

24.5 

11 

38.01 

137.60 

15.5 

29.4 

12 

39.80 

203.27 

15.5 

32.6 
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In  ordar  to  maka  all  ra'farancaa  to  atatic  data  conaia- 
tant  with  tha  ax pari man tal  procadura  during  tha  dynamic 
taating  tha  atatic  atall  curva  for  pitch  location  four 
waa  obtainad  with  downward  rotation.  Tha  aign  convan- 
tion  aaaociatad  with  thia  ayatam  would  ba  aquivalant  to 
nagativa  lift  and  nagativa  angla  of  attack  whan  comparad 
to  tha  othar  atatic  lift  curvaa.  Whan  thia  aign  con- 
vantion  ia  adoptady  tha  atatic  lift  data  can  ba 

i 

collapaad  into  Fig  24.  Tha  fact  that  tha  data  from 
pitch  location  four  rapraaanta  a  continuation  of  tha 
uppar  lift  curva  laada  to  tha  concluaion  that  aoma  form 
of  flow  angularity  aaiata  in  tha  aoMika-tunnal  taat 
aaction.  If  tha  flow  angularity  affacta  ara  corractad 
in  tha  atatic  data,  tha  data  compara  favorably  with  that 
of  rafaranca  11.  Tha  axiatanca  of  a  flow  angularity 
would  alao  halp  axplain  tha  diacrapanciaa  that  Schrack 
found  in  hi a  atatic  lift  data  C23i 33-401.  Although  thia 
anglularity  tanda  to  akaw  tha  data,  tha  ovarall  affact 
on  tha  raaulta  praaantad  in  thia  raport  ia  inaignif leant. 
Thia  ia  dua  to  tha  fact  that  tha  data  la  praaantad  aa  a 
changa  in  atall  angla  of  attack  and  not  aa  a  rapraaan- 
tativa  angla  of  attack.  Tharafora,  any  angularity 
affacta  in  tha  dynamic  data  ahould  ba  cancallad  by  tha 
aquivalant  angularity  affact  in  tha  atatic  data. 
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Error  3ourc»» 


As  in  any  ■Mparimantal  invastigation,  tha  accuracy 
of  tha  raaulta  dapanda  on  tha  amount  of  arror  Introducad 
during  tha  aMparimantal  procaaa.  Probably  tha  largaat 
problam  in  thla.  Invaatigatlon  was  maintaining  a  conatant 
pitch  rata  throughout  tha  dynamic  stall  avant.  As  tha 
data  summary  tablaa  indicatad,  aoma  tast  caaas  Mara 
aliminatad  dua  to  a  non-linaar  airfoil  rotation.  Tha 
nscasaity  to  aliminats  thasa  runs  comas  from  tha  fact 
that  moat  of  tha  thsorstical  work  in  dynamic  stall  has 
daalt  with  a  constant  pitch  rats.  Tha  addition  of  an 
angular  accalaration  Mould  groat ly  compllcata  tha  prob¬ 
lam  and  croatoa  unprodictalbm  raaulta.  As  a  rosult  of 
it  thasa  paculiaritiaa,  earaful  analysis  of  ti ma  voraua 

angla  of  attack  Mas  parformod  for  all  oxparimontal 
caaoB.  Ona  poaaibla  cauaa  for  tha  non-linaar  motion  Mas 
tha  additional  goaring  placad  on  tha  SNiatlng  rotation 
motor.  This  goaring  Mas  probably  tha  raaaon  that  pitch 
doMn  Mas  roquirad  to  obtain  tha  data  for  pitch  location 
four.  Anothor  possiblo  sourca  of  arror  Mas  frictional 
offsets  batMoan  tha  airfoil  andplatas  and  tha  tast  sac- 
tion  Malls.  Although  a  good  saal  batMaan  tha  airfoil 
and  tha  tunnal  Malls  is  dasirad  to  produca  good  tMo 
dimanaional  flOM,  this  saal  may  hava  causad  mora  arror 
in  tha  motor  raaponsa.  In  aithar  caaa,  a  non-linaar 
motor  raaponsa  mob  not  accaptabla  for  rapraaantativa 


75 


■adiiriiidiili 


iiiiiiiiiiiiy 


Qthar  sour  CM  of  arror  in  tha  data  cantar  on  tha 


tunnal  taat  sactlon  and  its  flow  qualitiaa.  As  pra- 
vloualy  discuBBadf  a  flow  angularity  has  baan  discovarad 
although  ita  affact  on  tha  aMparifflantal  raaults  was 
inconsaquantial .  Tha  poaaibillty  of  thrM  dimanaional 
flow  affacts  also  aMists  in  tha  tast  saction.  This 
condition  could  ba  eausad  by  an  intar act ion  batwaan  tha 
airfoil  and  tha  boundary  layar  foraad  along  tha  taat 
saction  walls  C23i391.  Schrack  triad  to  quantify  thasa 
affacts,  but  a  trua  undarstanding  is  only  possibla 
through  a  caraful  aMparimantal  invMtigation  involving 
tha  tunnal  and  tha  airfoil  togathar.  Tunnal  flow 
quality  is  anothar  araa  of  concarn  in  this  aMparimant. 
Thara  hava  baan  numarous  modifications  to  tha  smoka 
tunnal  sinca  Baldnar  and  Sisson  parformad  thair  invas- 
tigatlons  during  tha  initial  tunnal  satup.  Turbulanca 
laval  in  tha  tast  saction  is  ona  araa  that  might  play  a 
larga  factor  in  tha  ultimata  tast  rasults,  laading  to  an 
incraasad  angla  of  attack  for  both  saparation  and  stall. 
Howavar,  this  affact  should  tand  to  cancal  with  tha  data 
raprasantation  assuming  tha  tunnal  turbulanca  laval  ra- 
mainad  fairly  constant.  Finally,  tha  tunnal  intar-- 


faranca  af -facta  of  blockaga  and  atraamlina  curvatura 
could  hava  had  a  largar  influanca  than  pravioualy 
anticlpatad.  Without  a  larga-acala  taat  of  tha  tunnal 
flow  qualltlaat  an  accurata  undaratandlng  of  aKactly 
what  occura  in  tha  taat  aactlon  will  not  aaiat. 


VI .  Conclumion«  and  R»coinm«ndation» 

Conclu«ion« 

Thara  ara  thraa  major  concluaiana  that  can  ba  drawn 
baaad  on  this  aMparlmantal  work.  Tha  first  conclusion 
is  that  tha  dynamic  stall  af facts  ara  diractly  ralatad 
to  tha  non-dimansional  pitch  rata,  This  can  ba 

saan  through  tha  fact  that  incraasing  Umd  dal ays  tha 
point  of  airfoil  stall  and  incraasas  tha  maMimum  lift 
coafficiant.  Tha  non-dimansional  pitch  rata  also 
af facts  tha  airfoil  drag  and  quartar  chord  pitching 
fflomant  in  a  similar  mannar.  Aa  incraasas,  tha  msM- 
ifflum  drag  also  incraasas  and  tha  airfoil  pitching  momant 
bacomas  mora  savara  at  tha  point  of  dynamic  stall.  Tha 
sacond  conclusion  concarns  tha  affact  of  pitch  location 
on  dynamic  stall.  Basad  on  tha  data  from  tha  pitch 
locations  bafora  tha  mid-chord,  tha  affact  of  moving  tha 
pitch  location  aft  of  tha  laading  adga  is  to  in-  craasa 
tha  tha  dynamic  stall  angla  of  attack.  This  affact  was 
accurataly  pradictad  by  Allaira.  Tha  final  conclusion 
stams  from  tha  static  angla-of-attack  data.  Basad  on 
tha  information  obtalnad  during  thasa  tasts,  thara  is 
strong  avidanca  that  soma  form  of  flow  angu-  larity  or 
disturbanca  asists  in  tha  smoka  tunnal  tast  saction. 

This  angularity  appaars  to  ba  on  tha  ordar  of  two  to  two 
and  a  half  dagraas  of  flow  ml sal 1 gnmant . 
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Raeommandat i on» 


Thara  ia  atill  a  graat  daal  of  raaaarch  nacaaaary 
bafora  tha  antlra  dynamic  stall  phanomanon  ia  complataly 
undar stood.  Although  this  work  has  tandad  to  substan- 
tiata  tha  pradictad  af facts  of  pitch  location,  furthar 
work  is  nacassary  to  complataly  datarmina  pitch  location 
af facts  on  dynamic  stall.  Tha  following  ara  soma  of  tha 
racommandations  for  futura  rasaarch  in  dynamic  stall i 

First,  ra-invastigata  tha  af facts  of  pitching  tha 
airfoil  at  locations  bayond  tha  mid-chord  position.  Tha 
raaults  of  this  study  wars  inconel usiva  in  this  araa  dua 
to  diffarancas  in  tast  aquipmant  and  procaduras.  This 
i n vast i gat ion  could  ba  aidad  by  raturning  to  a  dir act 
drivasystam  on  tha  driva  motor  in  ordar  to  provida  tha 
capability  to  rotata  tha  airfoil  in  a  pitch  up  motion. 

Sacond,  a  major  invastigation  of  tha  smoka  tunnal 
tast  saction  flow  quality  is  a  nacassity.  In  ordar  to 
affactivaly  usa  this  tunnal  for  tasting  two-di mansions! 
aarodynamics,  tha  tast  saction  flow  char actari sties  must 
ba  known.  It  has  bacoma  avidant  that  soma  form  of  flow 
irragularity  doas  anist  and  tha  causa  of  this  problam 
should  ba  discovarad  bafora  futura  invasti gat ions  ara 
attamptad. 

Third,  although  tha  mathods  usad  in  this  study 
failad  to  collapsa  tha  non-dimansional  pitch  data  into 
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on*  curva,  tha  axiatanca  o-f  an  apprapriata  scaling 
-factor  is  prasumad.  Furthar  attampts  to  seal  a  tha  data 
ara  nacassary  and  may  provide  an  insight  into  tha  pitch 
location  af-fact  on  dynamic  stall. 

Finally,  -furthar  axparimants  in  dynamic  stall  ara 
still  in  order.  Although  tha  data  acquisition  system 
has  proven  itself  affective  throughout  this  inves¬ 
tigation,  its  abilities  ara  limited  by  tha  modal 
characteristics.  Tharafora,  a  larger  modal  with  more 
interior  room  is  racommandad.  This  larger  modal  would 
allow  for  more  transducers  and  help  to  aliminata  soma  of 
tha  error  introduced  during  tha  pressure  distribution 
discratization  process.  Another  recommendation  for  tha 
new  modal  would  bo  to  supply  ambient  pressure  to  tha 
reference  pressure  ports  of  tha  transducers,  thus  elim¬ 
inating  the  need  to  seal  tha  interior  airfoil  chamber. 
This  would  graatly  faciltata  modal  changes  and  help 
reduce  damage  to  the  modal.  Finally,  if  a  larger  modal 
is  created,  the  axparimant  will  nood  to  be  moved  to  a 
larger  tunnal  to  avoid  largo  tunnel  errors  duo  to  block¬ 
age  and  streamline  curvature.  Although  the  benefits  of 
a  two  dimensional  flow  would  be  lost,  the  AFIT  five  foot 
wind  tunnel  could  provide  the  necessary  test  section 
qualities  to  continue  the  investigation  of  dynamic 
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Tr«n»ducT  Calibration 

Introduction 

Ev«n  though  aach  tranaducar  caina  from  Endavco 
complata  with  Ita  own  factory  calibration,  all  16 
tranaducara  wara  racalibratad  prior  to  thair  uaa  in 
thia  anparimant.  Aa  Tabla  VI  ahowa,  moat  tranaducar 
aanaitivitiaa  changad  only  alightly  batwaan  tha  laat 
known  calibration  and  tha  pra-taat  calibration 
conductad  for  thia  invaatigation.  Calibration  of  tha 
tranaducara  waa  aubaaquantly  rapaatad  at  tha  complation 
of  tha  data  coll act ion.  Compariaon  of  tha  pra-  and 
poat-taat  calibrationa  ahowa  no  tranaducar  undargoing  a 
sanaitivity  changa  graatar  than  approKimataly  two 
parcant. 


Apparatua 

A  simplar  and  mora  accurata  mathod  of  calibrating 
tha  tranaducara  waa  ona  of  tha  goal a  of  thia  contin¬ 
uation  study.  Schrack  usad  a  complicatad  procaaa  to 
calibrata  aach  tranaducar  individually  uaing  a  auction 
cup  apparatua  C23i 70-751.  In  ordar  to  simplify  tha 
calibration,  a  maans  of  supplying  tha  sama  calibration 
prassura  to  all  16  tranaducara  simul tanaously  was 
nacasaary.  This  raquiramant  lad  to  tha  construction  of 
tha  calibration  chambar  shown  in  Pig  25.  Duo  to  tha 
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i brat ion  Chambar 


US0  of  •loctronic  pin  connoctors  and  tha  radaaignad 
tunnal  mounting  fixtura,  tha  air-foil  could  ba  rmmovmd 
from  tha  tunnal  and  placad  in  tha  calibration  chambar 
Mith  only  minor  difficulty.  Tha  chambar  conaiatad  of  a 
baaaplata  and  a  larga  ball  Jar.  Tha  baaa  plata  waa 
conatructad  from  1/2  inch  Aluminum  and  had  thraa  holaa 
drillad  into  it.  Tha  larga  cantar  hoi a  parmittad  tha 
airfoil  rotation  ahaft  to  protruda  from  tha  plata  and 
uaad  a  collar  attachad  to  tha  ahaft  to  hold  tha  airfoil 
in  placa  and  form  a  aaal.  Tha  airfoil  waa  mountad  ao 
that  tha  alot  in  tha  rotation  ahaft  Maa  outaida  tha 
chambar,  alloMing  ambiant  air  into  tha  airfoil  ahall. 
Tha  two  othar  holaa  Mara  uaad  for  aupply  and  maaaura- 
mant  of  tha  calibration  praaaura  and  had  quartar-lnch 
fittinga  for  tygon  tubing.  Qna  tuba  lad  to  a  Mariam 
A-937  watar  mi cromanomatar  and  tha  othar  Mant  to  a  hand 
vacuum  pump.  Tha  vacuum  pump  Maa  uaad  to  craata  tha 
calibration  praaaura  and  tha  mi cromanomatar  waa  uaad  to 
maasura  tha  praaaura  within  tha  chambar.  With  tha 
airfoil  mountad  to  tha  baaaplata,  aa  ahown  in  Fig  26, 
tha  ball  Jar  waa  placad  ovar  it  to  form  an  airtight 
chambar. 

Calibration  Procadura 

Tha  computar,  tha  tranaducar  powar  aupply  and 
voltmatar  wara  powarad  up  and  alloMad  to  warm  up  for 
ona  hour  bafora  tha  actual  calibration  bagan.  A  light 


daunted  on  Calibration  Chamber  Baseplate 


coating  oi  all  icon  vacuum  grmaam  vnaa  appllad  to  tha 
ball  Jar  and  it  was  placmd  an  top  of  tha  baaaplata. 

Tha  ffilcraaanoaiatar  maa  zaroad  and  than  aat  to  tha 
daalrad  calibration  praaaura.  Uaing  tha  hand  pump,  tha 
chambar  praaaura  waa  lOMarad  until  it  raad  tha  valua 
aat  on  tha  micromanomatar .  NaMt*  tha  calibration 
program^  CALTRAN,  waa  initiatad.  Aftar  applying  a 
calibration  praaaura  to  tha  chambar  tha  program  Mould 
continuoualy  aampla  all  16  tranaducara  and  datarmina  an 
avaraga  digital  raading  baaad  on  100  aamplaa.  Tha 
tranaducar  data  and  calibration  praaaura  Mara  than 
MTittan  to  diak  for  latar  uaa. 

A  total  of  fiva  auccaaaivaly  lOMar  Matar  column 
haighta  Mara  uaad  in  calibrating  tha  tranaducara. 

Thaaa  haighta  rangad  batMaan  zaro  and  minua  four 
inchaa,  spacad  at  ona  inch  intarvala.  Thia  calibration 
procaaa  Maa  rapaatad  fiva  timaa  giving  a  total  of 
tManty  fiva  data  point a  for  aach  tranaducar.  Thaaa 
data  point a  Mara  than  plottad  on  a  graph  having  tha 
praaaura  input  to  tha  tranaducar  in  inchaa  of  Matar  on 
ita  horizontal  axia  and  tha  praaaura  raading  from  tha 
tranaducar  in  digital  counta  on  tha  horizontal  axia. 

In  all  caaaa  tha  data  provad  to  ba  linaar  and  a  laaat 
aquaraa  fit  Maa  accompli ahad  to  datarmina  tha  alopa  of 
tha  calibration  curva.  Tha  tranaducar  aanaitivity  Maa 
than  calculatad  by  taking  tha  calibration  curva  alopa 
in  digital  counta  par  inch  of  Matar  and  convarting  it 


to  units  of  millivolts  psr  psi  (pounds  psr  square  inch) 
using  the  following  formulai 


mV  -  digital  ct  x  100  mV _  x  27.68  inch  HaO 

psi  inch  HaO  4096  digital  ct  psi 

The  calculated  transducer  sensistivities  were  then  used 
in  the  experimental  software  for  both  data  collection 
and  data  reduction. 

A  repeat  of  the  entire  calibration  process  at  the 
conclusion  of  all  data  gathering  showed  no  appreciable 
difference  in  the  transducer  calibrations  as  shown  in 
Table  VI.  The  only  exception  being  transducer  7  A 
which  was  damaged  during  the  change  of  airfoil  end- 
plates.  This  transducer  could  not  be  recalibrated, 
although  based  on  the  response  of  the  other  transducers 
it  would  bo  expected  that  there  was  no  significant 
change  in  transducer  response. 


TABLE  VI 

Transducar  Calibration  SanaitivitiM 


Transducar 


Laat 

Known 

Calibration 
(oiV/pai ) 


Pra-taat  Poat-taat 

Calibration  Calibration 
<fflV/pBi )  (ffiV/pai ) 


1 

196.2 

202.5 

204.6 

2 

168.4 

172.3 

173.3 

3 

173.  S 

176.3 

174.9 

4 

226.4 

231.7 

234.5 

S 

203.8 

204.6 

205.4 

6 

200.  1 

204.6 

202.  1 

7  A 

116..  2 

7  B 

189.5 

190.8 

8 

208.8 

216.4 

212.5 

9 

170.9 

174.0 

175.2 

10 

113.9 

113.8 

114.0 

11 

119.3 

114.4 

115.2 

12 

112.3 

113.6 

112.  1 

13 

139.2 

136.6 

137.9 

14 

165.3 

167.0 

IS 

217.4 

219.6 

220.8 

16 

217.2 

222.8 

221.2 

Notai  Tranaducar  7A  waa  damagad  during  tha  aKparimant 
and  tharafora  a  poat-taat  calibration  waa  not 
poaaibla. 


App»ndiK  B 


Softwra  P«ck«q» 


Thp  follOMing  appandix  contain*  copiaa  of  tha 
partinant  softaara  wrlttan  for  thia  axparimant. 
Parmanant  copiaa  of  all  prograaa  uaad  during  thia 
axparimant  hava  baan  archivad  on  floppy  diaka  and  ara 
locatad  In  Room  142,  Bldg  640,  Wright-Pattaraon  APB. 

Tha  folloMing  program*  ara  liatad  in  thia  appandixi 


TE9TRUN  -  This  is  tha  data  coll action  and  storaga 
program.  Tha  program  raquasts  tha  axparimantal  con¬ 
ditions,  collacta  tha  axparimantal  tima,  position,  and 
prassura  data  in  digital  form,  and  atoras  tha  data  to 
disk.  Finally,  tha  program  collacta  prassura  and 
position  data  for  tha  static  stall  data  basa. 


DQS2A  -  This  is  tha  main  data  raduction  program.  Tha 
program  roads  tha  data  filas  craatad  by  tha  TE8TRUN 
program  and  than  convorts  tha  prassura  data  into  prassura 
coaf f iciants.  Thaso  prassura  coafficionts  ara  intogratad 
numorically  to  obtain  aorodynamic  forca  and  momant 
coafficionts.  This  program  craatas  a  rsducad  data 
output  filo  REDUDATA.OAT  which  contains  oxparimontal 
conditions,  tima,  position,  prassura  coofficiants,  and 
lift,  drag,  and  momant  coafficionts  for  tha  fivo 
airfoil  rotations. 


DATRED  -  This  is  the  final  data  averaging  program.  Tha 
REDUDATA.OAT  file  created  by  D0S2A  is  read  and  the  pos¬ 
ition  and  force  coefficients  ara  used  to  form  an  ensemble 
averaged  data  sat  for  tha  test  condition.  The  tima  and 
position  data  ara  also  used  to  determine  an  average 
angular  rotation  rata  and  linearity  of  the  airfoil  drive 
motor.  Tha  output  fils  from  this  program  contains  air¬ 
foil  rotation  rata,  position,  and  lift,  drag  and  momant 
coefficients. 


PROGRAM  TESTRUN 

-  To  gather  and  store  data  -for  -further  processsing 

-  Unk;  TESTRUN, STCLK,GETTIM,ADIO,FQRLIB/S,TESTRUN/N/E 

IMPLICIT  INTEGER  (A-Z) 

REAL  AVSTAT<16),STATIC(16), B AROM , TEMP , M ANQM 1 , M AN0M2 , TUNVEL 
REAL  MOTVOL , P90 , PO , RHO , DT I M , DPQSV , DPOSD , ROTR AT , VPD 
REAL  PORTUdO)  ,P0RTL<10)  , SENS!  16)  ,CPUaO>  ,CPL(10> 

REAL  IDATAT(16) .NORMCO, PRESS, STICKY 

REAL  CP  < 1 6 ) . ARE AUT , AREAL  T , LNGTHU , LNGTHL , ARE AU , AREAL , I NTU , I NTL 

I NTEGER  I DATA  <  3960 )  , HOUR , CHECK , CHAN , DAY , MONTH , YEAR , X  X 

INTEGER  VALUE,CHEK,NS,N,A,DI,K, J,B,AA,L,C,KOUNT,S,T,U,DD,EE,ZZ 

I NTEGER  D I FANG , I NK , RUNS , X  X  X , YYY , RRR , ZERANG , SNAP , SELECT 

I NTEGER  CHECK , CHEK , CHAN , VALUE , KOUNT , Z , W , S , CCC 

INTEGER  1 1 , JJ,KK,WW,DD,X,V,Y,TT,ZZZ 

INTEGER  3DATAC5,18) 

REAL  CNORM 

-  Load  transducer  sensitivities  (mi 1 1 i vol ts/psi > 

DATA  SENS/ 202 .5,172.3,176.3,231.7, 204 . 6 , 204 .6,189.5, 

+216. 4, 174.0, 113.8,114.4,113.6,136. 6, 165.3,219.6,222.8/ 

-  Load  transducer  locations  on  upper  surface  (percent  chord) 

DATA  PQRTU/0. 0,0. 0242, 0.0484, 0.0969,0. 129,0. 194,0.323,0.605, 

+0.888,1.000/ 

-  Load  transducer  locations  on  lower  surface  (oercent  chord) 

DATA  PORTL/0 . 0,0.0161, 0.0319, O. 0484 . 0 . 0969 .0.194. 0 . 323 . 

+0.686, 1 . 000/ 

-  Initialize  count  of  passes  to  zero. 

KOUNT =0 

-  Input  date,  time,  barometer,  and  room  temoerature 

-  for  experimental  records. 

WRITE  <1,15) 

FORMAT  ('  ENTER  DAY,  MONTH,  YEAR  SEPERATED  BY  COMMAS  ./ ) 

READ  < 1 ,20) DAY, MONTH, YEAR 
FORMAT  (13,13,13) 

WRITE  <1.25) 

FORMAT  (  ENTER  TIME  (MILITARY;  XXXX  HOURS)  ,/) 

READ  < 1 , 30  >  HOUR 
FORMAT  (15) 

WRITE  (1,35) 

FORMAT  (•  ENTER  BAROMETER  (INCHES  OF  MERCURY)  ,/> 

READ  <1,40)BAR0M 
FORMAT  (F7,2) 

WRITE  (1,45) 

FORMAT  ('  ENTER  ROOM  TEMPERATURE  (DEGREES  FAHRENHEIT)’,/) 

READ  (1,50) TEMP 
FORMAT  (F6.1) 


o  n  n  n  ri  n  n  n 


PROGRAM 


TESTRUN 


r 


Echo  date,  time,  barometer,  and  room  temoerature  tor 
ver  1  +  i cati on .  0-f-fer  option  to  correct  faulty  inout. 

WRITE  <1,55) DAY , MONTH , YEAR 

FORMAT  ('  DAY:  ,13,'  MONTH:  ,13,'  YEAR:  ,13) 

WRITE  <1,60) HOUR 
FORMAT  <'  TIME:  ,15) 

WRITE  <1,65)BAR0M 

FORMAT  ('  BAROMETER: ' ,F7. 2, '  INCHES  OF  MERCURY ' ) 

WRITE  < I, 70) TEMP 

FORMAT  <'  ROOM  TEMPERATURE:  ,F6. 1 , '  DEGREES  FAHRENHEIT) 

WRITE  (1,75) 

FORMAT  <///,'  ARE  THE  INPUTS,  ECHOED  ABOVE,  ) 


WRITE  <i,ao) 

FORMAT  < ' 

READ  <1,35) CHECK 
FORMAT  (ID 

IF  <CHECK.NE.l)  GO  TO  lO 


CORRECT'?  IF  SO,  ENTER  A  1  ,/> 


Following  part  ot  program  calculates  an  average  zero— input 
reading  tor  each  transducer.  Average  is  obtained  trom  lOO 
readings  of  each  transducer. 

WRITE  <1,90) 

FORMAT  <///,'  THIS  PART  OF  THE  PROGRAM  OBTAINS  AVERAGE') 

WRITE  <1,95) 

FORMAT  <  TRANSDUCER  ZERO-INPUT  READINGS.  WHEN  TEST-  ) 

WRITE  (1,100) 

FORMAT  <•  SECTION  VELOCITY  IS  ZERO,  HIT  RETURN  KEY  ) 

WR I TE  (1,1 02 ) 

FORMAT  (  IN  RESPONSE  TO  "PAUSE"  ,/// ) 

PAUSE 

Initialize  all  array  elements  to  zero. 

continue 

DO  120  Z=l,16 
AVSTAT(Z)=0.0 
continue 

Take  100  readings  from  each  transducer,  average  them  as  shown 
below,  then  write  these  averages  to  terminal.  Also  offer  the 
option  to  retake  the  average  zero— input  readings. 

DO  150  3=1,100 
DO  160  T=i,i6 
CHAN=T-1 

CALL  AD (VALUE, CHAN, 30) 

AVSTAT  <T)  =AVSTAT  (T)  -t-  (VALUE/  lOO.  O) 

CONTINUE 

CONTINUE 


( 
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PROGRAM 


TESTRUN 


WRITE  (1,155) 

f^ORMAT  t  AVERAGE  ZERO-INPUT  READINGS  FOLLOW  ,/ ) 

DO  180  W=l,16 

WRITE  (1,165)W,AVSTAT<W) 

FORMAT  ('  TRANSDUCER' ,13, '  AVERAGE  STATIC  READING: ' ,F6. 0) 

CONTINUE 

WRITE  (1,177) 

FORMAT  (///,'  TO  PROCEED  WITH  THE  PROGRAM,  ENTER  A  1',/) 
READ  (1,178) XX 
FORMAT  (12) 

IF  (XX, NE. 1)  GO  TO  110 


Enter  (nanometer  reading,  motor  voltage,  and  90  and  O 
degree  angle  at  attack  voltages  tor  ej<Deri mental  records. 
Test-section  velocitv  is  also  computed  as  shown  below. 


WRITE  a, 185) 

FORMAT  (////// ^  '  ******************-»*********t40U  TURN  ON  THE 
TUNNEL*************************** ' ,//////) 

WRITE  (1,190) 

FORMAT  ( '  ENTER  ROOM  PRESS.  MINUS  TUNNEL  ST AT.  PRESS. 

UNCHES  OF  WATER)  ',/) 

READ  ( 1 , 195)MAN0M1 
FORMAT  (Fa. 4) 

WRITE  ( 1 , 200 ) 

FORMAT  ('  ENTER  TUNNEL  TOTAL  PRESS.  MINUS  TUNNEL  STATIC  PRESS. 
(INCHES  OF  WATER)  ’,/) 

READ  (1,195) MAN0M2 
FORMAT  (Fa. 4) 

WRITE  (1,210) 

FORMAT  (■  ENTER  MOTOR  VOLTAGE  (VOLTS)',/) 

READ  ( 1 ,215) MOTVOL 
FORMAT  (F6.2) 

WRITE  ( 1 , 220 ) 

FORMAT  ('  ENTER  90  AND  0  DEGREE  VOLTAGES,  RESPECT I VEL/ ',/ ) 

READ  ( 1 .225) P90.P0 
FORMAT  (2F7.4) 

RHO=  (  6AR0M*70.  45)  /  (  1  7 1  b .  O*  i  46u.  tj-*- TEMF' )  ) 

TUNVEL=3QRT ( (2. O* (5. 204*MANOM2) ) /RHO) 

Echo  manometer  readings,  tunnel  velocitv,  motor  voltage  and 
90  and  O  degree  angle  of  attack  voltages  tor  ver i t i cat i on . 
otter  option  to  correct  taultv  input. 

WRITE  ( 1 , 230 ) MANOM 1 

FORMAT  (  MANOMETER  ONE:  •,Fa.4,  INCHES  OF  WATER ' ) 

WRITE  ( 1 ,233) MANOMO 

FORMAT  ('  MANOMETER  TWO:  ,F8.4,'  INCHES  OF  WATER'; 

WRITE  ( 1 ,235) TUNVEL 

FORMAT  (  TUNNEL  VELOCITY:  .F7.2,'  FT/SEC  ' 

WRITE  ( 1 ,240) MOTVOL 


fJ  U  U  U  f-J  u 


PROBRAM  -  TESTRUN 


240  FORMAT  ('  MOTOR  VOLTAGE:  ',F6.2,'  VOLTS  ) 

WRITE  (1 ,245)P90,P0 

245  FORMAT  ('  P90:  ',F7.4,'  VOLTS  PO:  ,F7.4,'  VOLTS  > 

WRITE  (1,75) 

WRITE  (1,80) 

READ  (1,8S)CHEK 
IF  (CHEK.NE.l)  GO  TO  187 

-  The  fallowing  part  of  the  program  writes  pertinent 

-  information  to  file  RAWDATAODAT  on  disk. 

CALL  OPEN  (3,  RAWDATAODAT' ,2) 

WRITE  (3,500) 

500  FORMAT  ('  DAY lOX ,' MONTH 9X ,' YEAR ', 9X ,' TIME ' ) 

WRITE  (3,510) DAY, MONTH, YEAR, HOUR 
510  FORMAT  ( 13 , 1 1 X , 13 , 1 1 X , I3,9X , 15, / ) 

WRITE  (3,520; 

520  FORMAT  (  TEMPERATURE ' , 14X , ' BAROMETER ' ) 

WRITE  (3,530) TEMP, BAROM 
530  FORMAT  (2X ,F6. 1 , 18X ,F7. 2, /) 

WRITE  (3,540) 

540  FORMAT  ('  MANOMETER  1 22X ,' MANOMETER  2) 

WRITE  ( 3 , 545 ) MANOM 1 , MAN0M2 
545  FORMAT  (2X ,Fa. 4,25X ,F8. 4, / ) 

WRITE  (3,550) 

550  FORMAT  ('  TUNNEL  VELOCITY ' ,22X ,' MOTOR  VOLTAGE ' ) 

WRITE  (3,555) TUNVEL.MQTVOL 
555  FORMAT  ( 4X , F7. 2 , 31 X ,F6. 2, / ) 

WRITE  (3,560) 

560  FORMAT  ('  90  DEG.  VOLTAGE ', 16X ,' O  DEG.  VOLTAGE ' ) 

WRITE  (3,570) P90,P0 
570  FORMAT  (5X , F7. 4 , 23X , F7 . 4 , / ) 

WRITE  (3,580) 

5S0  FORMAT  v  NUMBER  OF  PASSES  , lOX ,  NUMBER  OF  IDATA  ELEMENTS' 
WRITE  (3,590) 

590  FORMAT  (5X,  (KOUNT)  ,26X, ' (N)  ) 

KaUNT=200 

N=3600 

WRITE  ( 3, 600) KOUNT, N 
aOO  FORMAT  (3X , 16 , 26X , 16 , // ) 

WRITE  (3,610) 

blO  FORMAT  ('  AVERAGE  ZERO-INPUT  READINGS  GIVEN  BELOW  ,/ ) 

WRITE  (3,620)AVSTAT(1) ,AVSTAT(2) ,AVSTAT(3) ,AV3TAT(4> 

WR I  TE  (  3  ,  ^j20  )  AVSTAT  ( 5 )  ,  AVST AT  ( 6 )  ,  AVST AT  ( 7 )  ,  AVSTAT  ( 8 ) 

WRITE  <3,620)AVSTAT(9) ,AVSTAT(10> ,AVSTAT(11) ,AVSTAT(12) 
WRITE  (3,620) AVSTAT ( 13) ,AVSTAT(14> ,AVSTAT(15) ,AVSTAT(16) 
i20  FORMAT  (F9. 3 , 5X , F9. 3 , 5X ,F9. 3 ,5X , F9. 3) 

WRITE  (3,660) 

660  FORMAT  (///) 

ENDFILE  3 

-  Offer  option  to  conduct  only  static  runs 

WRITE  (1,247) 
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FORMAT  W/,  DO  YOU  WANT  TO  MAKE  1=DYNAMIC  OR  2=STATIC  RUNS?' 

READ(1,35)CHEK 

IF  <CHEK.EQ.2>  GOTO  2345 

-  Initialize  number  or  runs  to  zero,  and  then  increment  this 

-  number  by  one  each  run  thereafter. 

RUNS=0 

CONTINUE 

RUNS=RUNS+1 

CONTINUE 

WRITE  (1,257) RUNS 

FORMAT  (////,’  *»******RETURN  AIRFOIL  TO  ZERO  ANGLE  OF 
+■  ATTACK  IN  PREPARATION  FOR  RUN 12,  '*******♦  ',//// ) 

NS=0 
K0UNT=0 
WRITE  (1,260) 

FORMAT  ( '  ENTER  NUMBER  OF  SAMPLES  (MULTIPLE  OF  IS, 

+  5040  MAXIMUM) ' ,/) 

READ  (1,265) NS 
FORMAT  (15) 

WRITE  (1,270) NS 

FORMAT  (//,'  ' ,25X,  NS: ■ ,I5,//> 

-  In  the  next  segement,  the  operator  is  given  the  choice 

-  between  manual  and  automatic  trigger. 

WRITE  (1,273) 

FORMAT  ( '  DO  YOU  WANT  MANUAL  OR  AUTOMATIC  TRIGGER? 

+  <1=AUT0,  2=MANUAL) ' ,/) 

READ  <1 ,277) SELECT 
FORMAT  (12) 

IF  (SELECT. NE. 2)  GO  TO  281 

PAUSE 

GOTO  2S5 

-  The  program  segement  below  is  the  automatic  trigger. 

-  The  program  stays  in  the  2B0  loop  below  until  ZERANG 

-  and  VALUE  differ  bv  2  or  more  digital  counts. 

-  When  this  occurs,  due  to  rotation  of  the  airfoil,  the 

-  program  continues  on  to  line  number  285. 

CALL  AD  t  VALUE . 0 , 34 ) 

ZERANG=VALUE 
CALL  AD (VALUE, 0,84) 

SNAP= I ABS ( VALUE -ZERANG ) 

IF  (SNAP.LE.l)  GO  TO  280 

-  STCLK,  below,  will  count  up  to  32,768  time  clicks,  each  click 

-  being  ,0010046  seconds  long.  Therefore,  STCLK  can  only  time 

-  an  event  that  lasts  for  no  more  than  about  32  seconds. 


CALL  STCLK 


PROGRAM 


TESTRUN 


The  following  part  of  the  program  reads  and  stores  the  time 
obtained  from  subroutine  GETTIM^  as  well  as  position  and 
pressure  information  obtained  from  the  potentiometer  and 
pressure  transducers,  respectively.  This  position  and  pressure 
information  is  obtained  through  subroutine  ADIO. 

WRITE (1,290) 

FORMAT (///,'  ■ ,20X,  STARTING  TO  TAKE  DATA',///) 

DO  320  J=l,NS,ia 
K0UNT=KQUNT+1 
CALL  GETTIM(TIME) 

IDATA<J)=TIME 

CHAN=0 

CALL  AD (VALUE, CHAN, 84) 

IDATA  < J+1 ) =VALUE 
DO  300  K;=1,16 
CHAN=K-1 

CALL  AD (VALUE, CHAN, 80) 

DI=K+J+1 

IDATA(DI)=VALUE 

CONTINUE 

CONTINUE 

WRITE  (1,330) RUNS 

FORMAT  ('  ',15X,'DATA  GATHERING  COMPLETE  FOR  RUN ',12,//) 

WRITE  (1,340)K0UNT 

FORMAT  ('  NUMBER  OF  PASSES  =  ,16,//) 

N=KQUNT*ia 
WRITE  (1,343)N 

FORMAT  (  NUMBER  OF  I DATA  ELEMENTS=  ,16,//) 

VPD= (P90-P0) /90. O 

DTIM= ; I DATA (2701 ) -I DATA (901 ) ) *(0. 0010046) 

DP0SV= ( > I DATA ( 2702 ) - I DATA ( 902 ) ) / 4096 . 0 ) ♦ 1 0 . 0 

DPQSD=DPOSV/VPD 

ROTRAT=OPOSD/DTIM 

WRITE  ( 1 , 410) ROTRAT 

FORMAT  (  AIRFOIL  AVERAGE  ROTATION  RATE:  .F6.2,  DEG/'3EC ',//// > 

Options  are  now  offered  to  list  the  IDATA  array  at  the 
terminal,  to  write  this  arrav  to  disk,  and  to  reoeat  the 
data  run. 

WRITEd  ,  345) 

FORMAT  ('  DO  YOU  WANT  TO  LIST  THE  IDATA  ARRAY';’ r('=  1  )  ,//) 

READ (1, 347 )AA 
FORMAT  (12) 

IF  (AA.NE.l)GO  TO  350 
DO  420  XXX=1B0,N, 180 
YYY=XXX-179 

WRITE  (1 ,360) (IDATA(L) ,L=YYY,XXX) 

FORMAT  (917) 

CONTINUE 
GOTO  344 
WRITE  (1,351) 
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FORMAT  <//) 

WRITE (1,355) 

FORMAT ('  DO  YOU  WANT  TO  WRITE  TO  DISK?(Y=1)  ,//) 

READ  (1,347)8 
IF  (B.EQ.l)  GO  TO  390 
WRITE  (1,375) RUNS 

FORMAT  ('  DO  YOU  WANT  TO  REPEAT  RUN, 12,'?  (Y=l)',//) 
READ  (1,380)C 
FORMAT  (12) 

IF  (C.EQ.l)  GO  TO  255 
IF  (C-EQ.2)  GO  TO  4800 
GOTO  374 
CONTINUE 


The  part  at  the  program  below  writes  the  collecteo  data 
to  disk,  in  untormatted  Form,  under  the  filename 
RAWDATAIDAT,  RAWDATA2DAT,  .  ,  RAWDATA5DAT ,  depending 

on  the  value  of  the  variable  RUNS.  To  view  the  data  tiles 
that  are  in  unformatted  form,  use  program  LOOK. 

IF  (RUNS.EQ.l)  GO  TO  710 

IF  (RUNS.EQ.2)  GO  TO  720 

IF  (RUNS.EQ.S)  GO  TO  730 

IF  (RUNS.EQ.4)  GO  TO  740 

IF  (RUNS.EQ.5)  GO  TO  750 

CCNT I  rjUE 

CALL  OPEN  (4,  RAWDATAIDAT ' ,2) 

WRITE  (4) ( IDATA(L) ,L=1 ,N) 

30  TO  760 
CONTINUE 

CALL  OPEN  (5,  RAWDATACDAT ' ,2) 

WRITE  (5) ( IDATA(L) ,L=1 ,N) 

GO  TO  760 
CONTINUE 

CALL  OPEN  (6,  RAWDATAGDAT' ,2) 

WRITE  (to) ( IDATA (L) ,L=1 ,N) 

GO  TO  760 
CONTINUE 

CALL  OPEN  (7,  RAWDATA4DAT  ,2) 

WRITE  (7) (IDATA(L) ,L=1,N) 

GO  TO  760 
CONTINUE 

CALL  OPEN  (8,  RAWDATA5DAT  ,2) 

WRITE  (8) ( IDATA(L) ,L=1 ,N) 

GO  TO  760 
CONTINUE 

IF  (RUNS.NE.5)  GO  TO  250 

ENDFILE  4 

ENDFILE  5 

ENDFILE  6 

ENDFILE  7 

ENDFILE  8 


PROGRAM 
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2345  CONTINUE 
WRITE  (1,2346) 

2346  FORMAT  (/////,'  FOLLOWING  PART  OF  PROGRAM  GIVES  STATIC 
+  NORMAL  COEFF.  FOR  STATIC  ALPHA',//////) 

CALL  OPEN ( 9 , ' RAWDATA6DAT ' , 2) 

CALL  0PEN<10,  STATICCNDAT' ,2) 

C 

C  -  The  remaining  portion  of  the  program  takes  and  processes 

C  -  data  for  static  angle  of  attack  lift— curves. 

C 

2400  CONTINUE 

WRITE  (1,2450) 

2450  FORMAT  ( '  ENTER  NS  (MULTIPLE  OF  18,  LESS  THAN  OR 
+  EQUAL  TO  5040) ',/) 

READ  (1,2150) NS 
2150  FORMAT  (14) 

K0UNT=0 

CNaRM=0 

00  5000  ZZZ=1,5 

K0UNT=0 

WRITE  (1,2000) 

2000  FORMAT  (////,'  HIT  RETURN  TO  START  DATA  COLLECTION',/) 

C 

C  -  STCLK,  below,  will  count  up  to  32,768  time  clicks,  each  click 

C  -  being  .0010046  seconds  long.  Therefore,  STCLK  can  only  time 

C  -  an  event  that  lasts  for  no  more  than  about  32  seconds. 

CALL  STCLK 


WRITE (1 ,2100) 

2100  F0RMAT(///,'  ', 20X ,' STARTING  TO  TAKE  DATA',///) 

DO  2200  0=1, NS, 18 
K0UNT=K0UNT+1 
CALL  GETTIM(TIME) 

IDATA(J)=TIME 

CHAN=0 

CALL  AD ( VALUE , CHAN , 84 ) 
rDATA(J+l)=VALUE 
CO  2300  K=l,16 
CHAN=K- 1 

CALL  AD c VALUE, CHAN, 30) 

DI=K+J+1 
IDATA(DI)=VALUE 
23'.m.;  CONTINUE 
22'.;0  CONTINUE 

N=K0UNT*18 
WRITE  <1,2500)N 

2500  FORMAT  ('  NUMBER  OF  I DATA  ELEMENTS=  ,16,//) 

C 

C  -  Time-average  data 

C 

DO  2550  S=l,16 
IDATAT(S)=0.0 
2550  CONTINUE 


•■Lv'ls' 
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2700 

2600 


2800 


2900 


3000 


3200 

3100 


3-Oij 


3400 


ZiiOO 

3500 


DO  2600  I 1=1, N, 18 
DO  2700  JJ=3,18 
TT=II+JJ 

IDATAT  (JJ-2)  =  (  (IDATA(TT-l)  )  /KQUNT)  t-IDATAT  ( J J-2) 

CONTINUE 

CONTINUE 

Compute  the  pressure  coe-ff icients 

00  2800  KK=1,16 

ST I CKY=AVSTAT  <  KK ) -2048 . 0 

PRESS=< ( ( I DATAT<KK) -STICKY) -2048.0) /2048. O)* <50. 0/SENS (KK) > 
CP(KK)=<PRESS+(MANQMl/27.6a) ) / <MAN0M2/27. 68) 

CONTINUE 

The  next  loop  detines  the  pressure  distribution  on  the  upper 
surtace  ot  the  airtoil,  leading  edge  to  trailing  edge. 

Pressure  coet-ficient  is  assumed  to  be  zero  at  the  trailing  edge. 

WRITE  (1,2900) 

FORMAT  ( '  UPPER  SURFACE  PRESSURE  COEFFICIENTS, 

L.E.  TO  T.E. ,  ARE  GIVEN  BELOW',) 

DO  3000  V=1 ,9 
CPU<V)=CP<V) 

CONTINUE 
CPU  < 10) =0.0 
DO  3100  V=1 , 10 
WRITE  < 1 ,3200) V,CPU<V) 

FORMAT  ('  CPU' ,13, '=' ,Fa.4) 

CONTINUE 

WRITE  < 1 , 3300 ) 

FORMAT  </,'  LOWER  SURFACE  PRESSURE  COEFFICIENTS, 

L.E.  TO  T.E. ,  ARE  GIVEN  BELOW') 

CPL  ^ 1 ) =CP ( 1 ) 

DO  3400  W=2,a 

DD=18-W 

CPL(W)=CP(DD) 

CONTINUE 
CPL (9) =CPU (10) 

OO  3500  W= 1 , 9 

WRITE  (1,3600)W,CPL(W) 

FORMAT  ('  CPL ' , 13, '= ' ,F8.4) 

CONTINUE 


The  tallowing  loop  integrates  the  upper  pressure 
distribution  using  the  trapezoidal  rule. 

AREAUT=0.0 
DO  3700  X=l,9 
LNGTHU=PORTU  <  X+ 1 ) -PORTU ( X ) 

IF  < <ABS(CPU(X+1)-CPU<X) ) ) .GT. tABS( (0.01)*CPU(X) ) ) )  GO  TO  3800 
AREAU=  <  0 . 5 )  *  ( CPU  (  X  + 1 )  t-CPU  <  X  )  )  *LNGTHU 
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3800  IF  (  (ABS(CPU(X+l)-CPU<X)  )  )  .l_E.  (ABS<  (0.01)*CPU(X)  )  )  )  GO  TO  4000 
I NTU=  <  PORTU ( X ) -PORTU  <  X+ 1 > ) *CPU  <  X ) / ( CPU  <  X+ 1 ) -CPU ( X ) ) 

IF  (INTU.LT.LN6THU)  GO  TO  3900 
AREAU= ( . 5 ) *  <  CPU  <  X  + 1 ) +CPU  <  X ) ) *LNGTHU 
IF  ( (INTU) .GE. (LNGTHU) )  GO  TO  4000 
3900  AREAU=  < ( . 5 ) * I NTU*CPU ( X ) )  + 

+  ( (.5)*<LNGTHU-INTU>*CPU(X+1) ) 

4000  AREAUT=AREAUT-«-AREAU 
3700  CONTINUE 

-  The  Following  loop  integrates  the  lower  pressure 

-  distribution  using  the  trapezoidal  rule. 

AREALT=0.0 
DO  4100  Y=l,a 
LNGTHL=PORTL ( Y+ 1) -PORTL ( Y ) 

IF  ( (ABS(CPL(Y+1>-CPL(Y) ) ) .GT. <ABS( (0.01>*CPL(Y) > ) )  GO  TO  4200 
AREAL= ( . 5 ) *  <  CPU ( Y+ 1 ) +CPL ( Y ) ) *LN6THL 

IF  (  (ABS(CPL  (Y-H) -CPL  (Y)  )  )  .LE.  <ABS{  (0.01)»CPL(Y)  )  )  )  GO  TO  4400 
4200  I NTL=< PORTL (Y) -PORTL (Y+l) )*CPL(Y)/ (CPL (Y+1 ) -CPL ( Y) ) 

IF  ( ( INTL) .LT. (LNGTHL) )  GO  TO  4300 
ARE AL=  < . 5 ) * ( CPL ( Y+ 1 ) +CPL ( Y ) ) ♦LNGTHL 
IF  (< INTL) .GE. (LNGTHL) )  GO  TO  4400 
4300  AREAL=( (.5)^INTL^CPL(Y) )♦ 

+  ( <.5)#(LNGTHL-INTL)^CPL<Y+1) ) 

4400  AREALT=AREALT+AREAL 
4100  CONTINUE 

NORMCO=AREAL T-AREAUT 
CNORM^CNORM+NORMCO / 5 . 

C 

WRITE  ( 1 , 4500 ) NORMCO 

4500  FORMAT  (/,'  NORMAL  FORCE  COEFFICIENT= ' , F8. 5 , / ) 

C  -  Option  now  oFFered  to  write  to  disk  and  continue  run 

C 

DO  4550  J=1 , 16 
4550  IDATA(J+2)=IDATAT(J) 

DO  4560  J=l,ia 
4560  SDATA(ZZ2,J)=IDATA(J) 

5000  CONTINUE 

WR I TE ( 1 , 4570 ) CNORM 

4570  FORMAT^//,  AVERAGED  NORMAL  COEFFICIENT=  ,F8.3,/) 

WRITE (1,4575) 

4575  FORMAT </,  DO  YOU  WANT  TO  WRITE  TO  DISK  (Y=l>  ) 

READ (1, 4700 )CHEK 
IF  (CHEK.NE.l)  GOTO  4599 
DO  4577  ZZZ=1,5 

4577  WRITE(9,360)  (SDATA ( Z2Z ,L) ,L=1 , 18) 

WRITE! 10,4580) IDATA<2) , NORMCO 
4580  FORMAT ( 15, F8. 5,/) 

4599  WRITE  (1,4600) 

4t>00  FORMAT  ('  DO  YOU  WANT  TO  CONTINUE  THE  RUN?  (Y=l)  ,/> 

READ  (1,4700)CCC 
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INTEGER  IDATA2(3600) ,NJ 

INTEGER  N,R,X,Y,V,W,S,I ,J,L,AA,PP,QQ 

INTEGER  RR,SS,TT,UU, W,WW,XX,YY,ZZ,RUN,TRAP,PAZZ,DIV,NUMEL 
I NTEGER  ELEM 1 , ELEM2 , DAY , MONTH , YEAR , HOUR , CHANG 1 , CHANG2 
I NTEGER  DD , EE , FF , HH ,  U_  , NN ,MOOCOW , J J J , ZOO 
REAL  P0RTX(20> , FORTY (20) ,CP<16) , CPU (20) ,SENS(16) 

REAL  PRESS(16) ,REDAT<40) , P90 , PO , TEMP , BAROM , MANOM 1 , MANOM2 
REAL  TUNVEL,M0TV0L,AVSTAT(1A) , ARNORM , ARMOM , RE , RHO , MU 
REAL  VPD , AOA , AOAR , CL , CD , CNORM , CCHORD , TUNQ , LNGTHU , LNGTHL 
REAL  AREAU , AREAL , DT I M , DPOSD , DPQSV , ROTRAT , NDRATE 
REAL  REDATC ( 40 ) , CMOM , ARN , ARM , ARC , ARCHOR 
REAL  DETAN , DETBN , I NCPL , I NCPN , P I 


.*'\l 


-  Load  transducer  sensitivities  (mi 1 1 i vol ts/psi ) 

DATA  SENS/202.5,172.3,  176-3,231.7,204.6,204.6,116.2, 
+216.4,174.0,113.3,114.4,113.6, 136.6, 165. 3,219.6,222.3/ 

- Load  transducer  locations  -for  normal  -force  (percent  chord) 

DATA  PORTX/0. 0,0. 0250,0. 0490,0. 0980,0. 131,0. 197,0.328,0.615, 
+0.902,1.000,0.697,0.328,0. 197,0.0980,0.0490,0.0330,0.016,0.0/ 


—  Load  transducer  locations  for  chord  force  (percent  chord) 
DATA  FORTY / O . 0 , 0 . 0327 , O . 0440 , O . 058 1,0. 0637 , O . 07 1 4 , . 0743 , 
+0.0554,0. 0178,0.0,0.0461 ,0.0743,0.0714,0.0581,0.0440, 

+0 . 0364 , 0 . 0262 ,0.0/ 

WRITE  (1,5) 

FORMAT  (///,'  *****THE  DATA  FILES  TO  BE  REDUCED  MUST  BE  ON 
+  DISK  DRIVE  B  AND  MUST  BE  NAMED*****') 

WRITE  (1,6) 

FORMAT  ('  ♦************RAWDATAO. DAT,  RAWDATA1.DAT, . 

+  RAWD ATA5 .  DAT **•»*•»*■*•»♦■»•**■»  '  ,  /  /  /  ) 


—  Read  raw  data  from  RAWDATAODAT  on  drive  B. 

CALL  OPEN (3,  RAWDATAODAT' ,2) 

READ  ( 3 , 1 0  )  DA  Y  ,  MONTH  ,  YEAR  ,  HOUR- 
FORMAT  </,I3,llX,I3,llX,I3,9X,I5) 

READ  (3,20) TEMP, BAROM 
FORMAT  (//,2X,F6. l,iaX,F7.2) 

READ  1 3 , 30  >  MANOM 1 , MAN0M2 
FORMAT  (//,2X,Fa.4,25X,Fa.4) 

READ  (3,40)TUNVEL,MaTV0L 
FORMAT  (//,4X,F7.2,31X,F6.2) 

READ  (3,50)P90,P0 

FORMAT  (//,5X,F7.4,23X,F7.4) 

READ  (3.60)K0UNT,N 
FORMAT  (///,3X, I6,26X, 16) 

READ  (3,70)AVSTAT(1) , AVSTAT (2) ,AVSTAT (3) ,AVSTAT(4) 

READ  (3,75) AVSTAT ( 5 ) , AVSTAT ( 6 ) , AVSTAT ( 7 ) , AVSTAT ( 8 ) 

READ  (3,75) AVSTAT (9) , AVSTAT (10) , AVSTAT (11) ,AVSTAT(12) 
READ  (3,75) AVSTAT (13) ,AVSTAT(14) ,AVSTAT(15) ,AVSTAT(16) 
FORMAT  (//// ,F9.3,5X,F9.3,5X,F9.3,5X,F9.3) 

FORMAT  ^F9. 3,5X ,F9. 3,5X ,F9. 3,5X,F9. 3) 

ENDFILE  3 
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VPD=  <  P90-P0 ) /90 . 0 

RUN=0 

CONTINUE 

RUN=RUN+1 

WRITE (1,5000)  RUN 

FORMAT ('  RUN  =  ’,13) 

IF  (RUN.EQ. 1)  GO  TO  490 

IF  (RUN.EQ. 2)  GO  TO  510 

IF  (RUN.EQ. 3)  GO  TO  525 

IF  (RUN.EQ. 4)  GO  TO  535 

IF  (RUN.EQ. 5)  GO  TO  545 

CONTINUE 

CALL  OPEN  <  4 ,  ' RAWOAT A 1 DAT  , 2 ) 

READ(4> (IDATA2(L) ,L=1,N) 

ENDFILE  4 
GO  TO  550 
CONTINUE 

CALL  0PEN(5,  RAWDATA2DAT ' ,2) 

READ<5) (IDATA2(L) ,L=1,N) 

ENDFILE  5 
GO  TO  550 
CONTINUE 

CALL  OPEN ( 6 , ' RAWDAT A3D AT ' , 2 ) 

READ (6) (IDATA2(L) ,L=1,N> 

ENDFILE  6 
GO  TO  550 
CONTINUE 

CALL  OPEN ( 7 , ' RAWDATA4DAT ' , 2) 

READ (7) (IDATA2(L) ,L=1 ,N) 

ENDFILE  7 
GO  TO  550 
CONTINUE 

CALL  CPEN(a,  RAWDATA5DAT  ,2) 

READO)  (IDATA2(L)  ,L=1,N) 

ENDFILE  a 
CONTINUE 

CONTINUE 

The  steps  below  compute  Revnolds  number,  nunnel  "Q" 
and  volts  per  degree  for  the  run. 

IF  IRUN.GT.IJ  GOTO  095 

RHO= (BAR0M»70. 45) / (1716.0* (460+TEMP>  > 

MU=(2.270*(10.0**(-8.0) )*( (460. 0+TEMP) **1 . 5) ) / (460. 0+TEMP+19a. 6) 
RE= (RH0*TUNVEL*1 . 016) /MU 
TUNQ= (0.5) *RHO* ( TUNVEL  **2 ) 

The  following  writes  pertinent  information  to  disk  file 
REDUDATADAT  as  a  heading. 

CALL  OPEN (10, ' REDUDATADAT ’ , 2 ) 

WRITE  < 10,300) 
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300  FORMAT  ('  DAY lOX MONTH 9X ,• YEAR 9X ,  TIME ’ ) 

WRITE  (10,310) DAY , MONTH , YEAR , HOUR 
aiO  FORMAT  (I3,llX,I3,llX,I3,9X,I5,/> 

WRITE  (10,320) 

320  FORMAT  ( '  TEMPERATURE ' , 14X , ' BAROMETER ' ) 

WRITE  (10,330) TEMP, BAROM 
830  FORMAT  (2X ,F6. 1 , IBX ,F7. 2 , /) 

WRITE  (10,840) 

340  FORMAT  (‘  MANOMETER  1 ', 22X ,' MANOMETER  2) 

WRITE  ( 10,345) MANOMl ,MAN0M2 
345  FORMAT  <2X ,Fa. 4 ,25X ,Fa. 4 , /) 

WRITE  (10,350) 

350  FORMAT  ('  TUNNEL  VELOC I TY ' , 22X , ' MOTOR  VOLTAGE ' > 

WRITE  ( 10,355) TUNVEL,MOTVQL 
355  FORMAT  (4X , F7. 2, 31 X , F6. 2, / ) 

WRITE  (10,330) 

330  FORMAT  ('  REYNOLDS  NUMBER 25X ,  TUNNEL  "Q"  > 

WRITE  ( 10,390) RE, TUNQ 
390  FORMAT  (4X ,E1 1 . 4 , 30X ,F6. 3, / ) 

DO  395  HH=1,16 

WRITE  ( 10,397) HH,AVSTAT(HH) 

397  FORMAT  C  AVERAGE  ZERO-INPUT  READING,  TRANSDUCER ', I 3 , '  =',F6.0> 
395  CONTINUE 

WRITE (10, 1100) 

-  One  pass  through  the  DO  lOO  J=l,N,ia  loop  computes  one 

-  point  in  the  CN  (normal  force  coefficient)  versus  ALPHA  curve. 

DO  1000  J=l,100 
NJ=(J-1)*13 
DO  100  1=1,18 

NN= I +N J 

RED AT ( I ) =IDATA2 (NN) 

REDAT  (  I -t- 1 3 )  =  I DATA2  ( NN-*- 1 8 ) 

1  :-0  CONTINUE 
C 

C  -  The  loop  below  subtracts  the  average  zero  input  readings 

C  -  (AVSTAT)  from  each  appropriate  IDATAT  element. 

DO  200  1=3,18 

REDAT ( I ) =REDAT 1 1 ) - (AVSTAT  < 1-2) -2043. O) 

REDAT ( 1+18) =REDAT (1*18) -(AVSTAT (1-2) -2048. O) 

200  CONTINUE 

C  -  Operations  in  the  following  loop  correct  for  the  finite 

C  -  time  between  samples  using  a  linear  interpolation.  Time 

C  -  between  passes  must  be  sufficiently  small  or  the  linear 

C  -  interpolation  will  be  invalid. 

C 

DO  300  R= 1 , 1 8 

REDATC (R) =REDAT (R+18> - (REDAT (R+18> -REDAT (R) ) ♦ (R-1 ) / 18. 0 
300  CONTINUE 
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(angle  ot  attack)  and  psi  (sensed  di -f -f  erenti  al  pressure)  . 

The  ADA  conversion  below  assumes  the  A/D  board  is  strapped 
far  the  0-10  volt  unipolar  input  range.  The  amp  on  the 
board  is  set  far  a  gain  o-f  1,  so  any  input  to  the  board 
greater  than  10  volts  will  saturate  the  A/D  conversion  system 

AaA=( ( (REDATC(2)/4096.0)*10.0)-P0)/VPD 
TIME=REDATC<1) 

The  PRESS  conversion  below  assumes  the  A/D  board  is  strapped 
far  the  (-5)-<+5)  volt  bipolar  input  range,  inhere  the  input 
(Trom  the  transducers)  is  first  amplified  through  an 
amplifier  of  gain  lOO.  So  any  input  greater  than  +/-50  milli¬ 
volts  will  saturate  the  A/D  conversion  svstem. 

DO  400  3=1,16 

PRESS  (S)  =  (  (REDATC  (S-*-2)  -2048.0)  /204a.  0)  *50.  0/SENS  (S) 

CP ( S )  =  <  PRESS ( S )  +  ( MANOM 1 / 27 . 68 ) ) / ( MAN0M2/ 27 . 68 ) 

CONTINUE 

The  next  loop  defines  the  pressure  distribution  on  the 
airfoil,  leading  edge  to  trailing  edge,  and  back  to  leading 
edge. 

DO  405  V=l,9 

CPU  (V)  =CP  (V) 

CONTINUE 

CPU (10) =CPU ( 9 )  +  ( CPU  <  9 ) -CPU ( 8 ) ) / . 287* . 098 

DO  410  V=10,16 

CPU(V+1)=CP(V) 

CONTINUE 

CPU (18) =CPU ( 1 ) 

CP4=CPU<4) 

CP6=CPU<6) 

CP7=CPU(7) 

The  following  loop  integrates  the  normal  force  and  moment 
distribution  using  the  trapezoidal  rule. 

ARN0RM=0 . 0 
ARM0M=0. O 


DO  2000  1=1,9 

ARN=. 5* (PORTX ( 1+1 ) -PORTX ( I ) ) * (CPU ( I ) +CPU ( I + 1 ) ) 

ARM=. 5* (PQRTX ( I+l ) -PORTX ( I ) ) *(P0RTX ( I ) *CPU ( I ) +P0RTX ( I+l ) * 
CPU ( I + 1 ) ) 


ARN0RM=ARN0RM-ARN 
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ARMOM=ARMaM-ARM 
2000  CONTINUE 


DO  2500  1=10,17 

ARN= . 5*ABS ( PORTX ( I  + 1 ) -PORT  X ( I > ) ♦ ( CPU ( I ) +CPU  ( I  + 1 ) ) 

ARM=.  5*ABS  <PORTX  <  I-H  )  -PORTX  ( I )  )  *  (PORTX  ( I )  *CPU  ( I )  -t-PORTX  ( 1  +  1 )  * 
+  CPU(I+1>) 

C 

ARNORM=ARNORM+ARN 
ARMOM=ARMOM+ARM 
2500  CONTINUE 

C 

CNORM=ARNORM 
CMOM=-ARMOM+0. 25*CN0RM 

C - The  -following  loop  integra-tes  the  chord  -force 

C  -  distribution  using  the  trapezoidal  rule. 

ARCHaR=0. OO 

C 

DO  3000  1=1,6 

ARC=.5*<P0RTY(I+1)-P0RTY<I) ) * (CPU < I > +CPU ( I+l ) ) 
ARCHOR=ARCHOR+ARC 
3000  CONTINUE 
C 

DO  3500  1=7,10 

ARC= .  5*ABS  ( PORTY  ( I  + 1 )  -PORTY  (!))*(  CPU  ( I )  +CPU  ( I  +  O  .) 
ARCHOR=ARCHOR-ARC 
3500  CONTINUE 

00  3750  1=11,17 

ARC=- 5*ABS (PORTY (1+1) -PORTY ( I ) ) * (CPU ( I ) +CPU ( I +1 ) ) 
ARCHOR=ARCHOR+ARC 
3750  CONTINUE 

P 

c 

CCH0RD=ARCH0R 

PI=3. 14159 
AQAR=AaA-»P  I  /  1 80 .  O 

CD=CN0RM*3 1 N  <  AOAR )  +CCHaRD-*COS  ( AOAR ) 

CL 1 =CN0RM*C0S ( AOAR ; 

WR I FE  < 1 0 , 900  >  T I ME , AOA , CP4 , CP6 . CP7 , CL 1 , CD . CMOM 
900  FORMAT (F5.0,aF9. 4 ^ 

1000  CONTINUE 

WRITE ( 10, 1 lOO) 

1100  FORMAT!//) 

IF (RUN. LT. 5)  GO  TO  470 

STOP 

END 
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PROGRAM  DATRED ( I NPUT , OUTPUT , TAPE? , TAPES , TAPE9 ) 

C  THIS  PROGRAM  READS  A  DYNAMIC  STALL  DATA  FILE  AND  THEN 
PERFORMS  AN  ENSEMBLE  AVERAGE  OF  THE  DATA  POINTS 
OUTPUT  IS  WRITTEN  TO  THE  FILES  TAPES,  AND  TAPE9 

DIMENSION  DYN<9,600) ,ENS<7,50) ,AD0T(2,50) 

REAL  NUMBER 
REWIND? 

REWINDS 
REWIND9 
REWIND 10 

;«JRITE(9,*)  •  DATA  FROM  ' 

READ  THE  DYNAMIC  STALL  DATA  FILE 
DO  lOO  J=l,£iOO 

50  READ  ^?, 1 10,END=500)  (DYN< I , J) , 1=1 ,8) 

IF  <DYN(1,J)  .EQ.  0.0)  GOTO  50 
100  CONTINUE 
110  FORMAT <F5.0,8F9. 4) 


500  JMAX=J-1 

ENSEMBLE  AVERAGE  THE  TIME  AND  POSITION  DATA 

DO  900  N=l,46 

T0TTIM=0. 

T  OT  A0A=0 . 

NUMBER=0 . 

DO  lOOO  J=1,JMAX 
T I ME=60 . 0+FLQAT ( N ) *5 . 

IF  ^DYN  ( 1  ,  J  )  .  i_T.  TIME  .OR.  DYN  ( 1  ,  J  >  .  GE.  ( T IME+5 .  >)  GOTO  lOOO 
TOTTIM=TOTTIM+DYN( 1 , J) 

T  JTAOA=TOTAOA+DYN ( 2 , J ) 

NUMBER-NUMBER+ 1 .  O 
lOuu  CONTINUE 

AVGT 1 M=TOTT I M/NUMBER 
AVGAOA=rOTAOA/NUMBER 
ADOT ( 1 ,N) =AVGTIM 
ADOT 12 .N>  =AVGAOA 
90<.!  CONTINUE 

ENSEMBLE  AVERAGE  FORCE  AND  PRESSURE  DATA 

DO  2000  N= 1 , 20 
NUMBER=0. 

T0TA0A=0. 

T0TCP4=0. 

T0TCP6=0. 

T0TCP?=O. 
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T0TCL=0. 
T0TCD=0. 
TOTCMsO. 
DO  1900 


i 

•  ^  . 
•  -  •  ^ 


DO  1900  J=1,JMAX,2 
ANGLE=0. O+FLOAT (N-1 ) *2.  O 

IF  (DYN<2,J) -LT. ANGLE  .OR.  DYN<2, J) . GE. (ANGLE+2. ) ) 
GOTO  1900 
NUMBERaNUMBER-t-1 . 

TOTAOA=TOT AOA+DYN ( 2 , J ) 

T0TCP4*T0TCP4+DYN ( 3 , J ) 

T0TCP6=T0TCP6+DYN  <  4 , J ) 

T0TCP7=T0TCP74-DYN  <  5  ,  J  ) 

TOTCL=TOTCL+DYN  <  6 , J ) 

TOTCD=TOTCD+DYN  <  7 , J ) 

TOTCM=TOTCM-t-DYN  (8,3) 

CONTINUE 


l  •  V.*  • 


1 F  ( NUMBER . EQ . O )  NUMBER= 1 . 
AVGAOA=TOTAOA/NUMBER 
AVGCP4=TaTCP  4 / NUMBER 
A VGCP6=T0TCP6/ NUMBER 
AVGCP7=T0TCP7/NUMBER 
AVGCL=TOTCL/NUMBER 
AVGCD=TOTCD/NUMBER 
AVGCM^TOTCM/NUMBER 
£NS( 1 ,N)=AVGAOA 
ENS(2,N)=AVGCP4 
£NS(3,N)=AVGCP6 
ENS(4,N)=AVGCP7 
ENS(5,N)=AVGCL 
ENS(6,N)=AVGCD 
ENS<7,N)=AVGCM 
2000  CONTINUE 
t22345<b7 


'd 


^  -I 

■■  1 


COMPUTE  AOA  SLOPE  AND  CORRELATION  COEFFICIENT 


DO  2600  J=l,3 

X=0. 

Y=0. 

AN=0. 

XX=0. 

XY=0. 

YY=0. 

DO  2SOO  N=l,46 
IF(AD0T(2,N) .LT.FLaAT<J)*5. 
X=X+ADOT ( 1 ,N) 
Y=Y+AD0T<2,N) 

XX=XX+ADOT ( 1 ,N) **2 
YY=YY+AD0T(2,N) **2 
XY=XY+ADOT ( 1 ,N) *ADOT (2,N) 
AN=AN+1 . 

CONTINUE 

IF  (X.EQ.O.J  GOTO  2600 


.OR.  ADOT (2,N) . GT. : 


GOTO 


_ I 
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n  fi  n  n  n  n 


PROGRAM 


DATRED 


81= (AN*XY-X*Y) / (AN*XX-X**2) * ( 1 0010046) 

Rl= (AN*XY-X*Y) /SQRT< ( AN*XX-X**2) * ( AN*YY-Y**2) ) 

UJRITE(*,10)B1,R1 

WRITE(9,10)B1,R1 

10  FORMAT <  ROTATION  RATE  =  ',Fa.3,'  CORR  =  ' ,F10. 
2600  CONTINUE 

FIND  MAX  PRESSURE  COEFFICIENTS 

CP4MAX=0. 

CP7MAX=0. 

CP6MAX=0. 

DO  2900  1=5,20 

IF(ENS<2,I) .LT.CP4MAX)  CP4MAX=ENS (2 , I) 
IF(ENS(3,I> .LT.CP6MAX)  CP6MAX=ENS (3 , I ) 
IF(ENS(4,I) .LT.CP7MAX)  CP7MAX=ENS (4 , I) 

2900  CONTINUE 

PRINT*,  CP4MAX  =  ',CP4MAX 
PRINT*,'  CP6MAX  =  ',CP6MAX 
PRINT*,'  CP7MAX  =  ' ,CP7MAX 

WRITE  ENSEMBLE  AVERAGED  DATA  TO  FILES 

DO  4000  N=l,20 

WRITE<9,4100)  (ENS<I,N) ,1=1,7) 

4100  FORMAT (7F9. 4) 

4000  CONTINUE 

DO  5000  N=5,20 
ENS<2,N)=ENS(2,N) /CP4MAX 
ENS<3,N)=ENS(3,N) /CF6MAX 
ENS (4,N>  =ENS 14,N) /CP7MAX 
5000  CONTINUE 

DO  5 1 00  N=5 , 20 

WR I TE ( 1 0 , 4 1 00 )  ( ENS  ^I,N)  ,1  =  1,7) 

5100  CONTINUE 


TABLE  VII 


(• 


-  V 

Suffimary  of  T»«t  Conditions  r 


Tast 

Tunnal 

Rotation 

aivD 

Figura 

Run 

Valocity 

Rata 

Nufflbar 

<-ft/sac) 

<dag/Bac) 

1-1 

25.43 

85.95 

.030 

27 

1-2 

25.43 

N/L 

28 

\ 

1-3 

24.97 

183.17 

.065 

29 

1-4 

30.05 

N/L 

30 

1-5 

30.03 

112.84 

.033 

31 

1-6 

30.02 

183.02 

.054 

32 

1-7 

35.64 

44. 19 

.011 

33 

1-a 

35.64 

90.39 

.024 

34 

1-9 

35.32 

129.16 

.032 

35 

1-10 

37.87 

N/L 

36 

1-11 

37.57 

95.  16 

.022 

37 

1-12 

37.59 

133.89 

.031 

38 

2-1 

25.57 

74.04 

.025 

40 

2-2 

25.83 

145.24 

.049 

41 

2-3 

25.20 

175.61 

.062 

42 

2-4 

29.60 

90.56 

.027 

43 

-  • 

2-5 

29.68 

117.02 

.035 

44 

2-6 

29.30 

148.63 

.045 

45 

2-7 

35.23 

N/L 

46 

2-8 

35.76 

N/L 

47 

*  .*// 

2-10 

40.38 

59.29 

.013 

48 

2-11 

38.89 

133.66 

.030 

49 

2-12 

39.21 

170. 13 

.038 

50 

2-13 

44.50 

N/L 

51 

2-14 

45.03 

101.53 

.020 

52 

2-15 

44.84 

N/L 

53 

S-' 

3-1 

25.77 

83.07 

.028 

55 

3-2 

25.61 

102.70 

.036 

56 

3-3 

25.86 

N/L 

57 

3-4 

26.41 

109.72 

.037 

58 

3-5 

29.  16 

69.01 

.021 

59 

3-7 

29.07 

116.89 

.036 

60 

3-0 

31.52 

97.70 

.027 

61 

3-9 

34.  16 

N/L 

62 

3-10 

35.92 

N/L 

63 

T-  ^ 

3-11 

34.04 

114.26 

.030 

64 

3-13 

39.55 

74.57 

.016 

65 

3-14 

39.96 

102.21 

.022 

66 

3-15 

39.09 

N/L 

67 

3-16 

40.38 

N/L 

60 

•to* 

3-17 

44.04 

N/L 

69 

-r  ' 

3-18 

44. 15 

N/L 

70 

3-19 

43.90 

N/L 

71 
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Figura  35.  Data  From  Taat  Run  1-9 
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Figurs  42.  Data  From  Teat  Run  2 
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Figura  55.  Data  From  Tast  Run  3 
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Figur*  S7.  Data  From  Tmat  Run  3 
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Figura  SB.  Data  From  Taat  Run  3 
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Figura  71.  Data  Frooi  Taat  Run  3 


Flgur*  74.  Data  From  Taat  Run  4 
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Figura  84.  Data  From  Tmat  Run  4 


Robart  L.  Dimmick  was  born  on  31  Octobar  1956  in 


Clavaland,  Ohio.  Ha  graw  up  in  Lakawood,  Ohio  and  upon 
graduation  -from  Lakawood  High  School  in  1974  ha 
racaivad  an  appointmant  to  tha  Uni tad  Stataa  Air  Forca 
Acadamy.  Ha  graduatad  -from  tha  Acadamy  in  1978  with  a 
Bachalor  o-f  Scianca  Oagraa  in  Aaronautical  Enginaaring. 
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Castle  AFB.  Ha  was  subsaquantly  assignad  to  Grissom  AFB 
in  1979,  whara  ha  flaw  KC/EC-13S  aircraft  as  a  navigator 
He  was  reassigned  to  Wright-Patterson  AFB  in  June  of 
1984  when  he  entered  the  School  of  Engineering,  Air 
Force  Institute  of  Technology. 
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